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Thickness of Inhibiting Films on Glass Electrode Surfaces 
By Donald Hubbard and Gerald F. Rynders 


The thickness of voltage-inhibiting films produced on glass surfaces by heat treatment 


after leaching has been studied by means of the glass electrode and the interferometer pro- 


cedure previously used for determining the chemical durability of glasses. 


The glass 


electrode gave conspicuous voltage departures (errors) and alterations (swelling) of the 


surface that were just detectable by the interferometer. 


0.01 fringe. or four times the unit cell dimension for cristobalite. 


This corresponds to approximately 


The inhibiting effect of 


films of electric conductors, such as metallic silver, has been qualitatively compared with the 


inhibiting effect of films prepared from electric nonconductors, such as petrolatum and 


silicone stopeock grease. 
I. Introduction 


Considerable interest in the general subject of 
vlass surfaces has been aroused by many industrial 
and scientific problems involving glass solution 
interfaces. Examples of these problems include 
the commercial practice of improving the chemical 
durability of inferior glasses by various surface 
treatments, the application of nonreflecting films 
to the surfaces of optical elements, and the effect 
of nonhygroscopic films on the hydrogen-electrode 
function of the glass electrode. 

From earlier work it is obvious that the glass 
electrode is an extremely sensitive indicator capa- 
ble of detecting the presence of inhibiting films 
thinner than 6 107° em, and the interferometer 
can readily detect alterations of an optically flat 
surface of less than one-tenth this value. The 
voltages of glass electrodes [1, 2, 3] ' prepared from 
Corning 015 [4] or 
livgroscopicity [5, 6, 7] and satisfactory chemical 
durability |7, 8] follow approximately the straight- 
line relation of the Nernst equation [9] over an 


other glasses of adequate 


extended range of hydrogen-ion activities [10]. 
Normally, the glass electrode exhibits voltage de- 
partures from the theoretical in the extreme acid 
1!, 12] and alkaline ranges [3, 13]. However, 
under special conditions of annealing or other con- 
trolled heat treatments after aging (leaching in 
acid solutions) the electrodes develop very large 
vollage departures (errors) over the entire pH 
range (14, 15, 16]. 





In extreme cases the hydrogen-electrode func- 
tion (pH response) of the glass disappears almost 
completely, and the electrodes behave similarly to 
electrodes prepared from glasses of low hygro- 
scopicity [6, 17]. This loss of pH response is 
brought about by the formation over the entire 
surface of the electrode bulb of a thin, nonhy- 
With the inter- 
ferometer method previously used for the deter- 
mination of the chemical durability of glasses |7, 
18, 19, 20], the maximum thickness of these in- 
hibiting layers was estimated to be approximately 
6 107~° em [16]. 

The present investigation was undertaken to 
determine what further information concerning the 
thickness of these films might be obtained from the 
combined 
interferometer. 


groscopic, silica-rich layer [16]. 


use of the glass: electrode and the 


II. Experimental Procedure 


A series of mercury-filled glass electrodes [6, 21, 
22] prepared from Corning 015 glass was leached 
in Britton-Robinson universal buffer [23] at pH 4.6 
With the 
mercury removed, these leached electrodes were 
heated to 550° C, held 10 minutes and cooled 
slowly to 400° C, then cooled more rapidly to 
This series was prepared 


for various periods of time at 80° C. 


room temperature [16]. 
in order to ascertain the time of leaching necessary 
to develop an inhibiting film sufficiently thick to 


Figures in brackets indicate the literature references at the end of this 
paper 
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Other 


glass electrodes, without previous leaching or an- 


bring about detectable voltage departures. 


nealing, were coated with inhibiting films of non- 
hygroscopic materials, such as silicone stopcock 
grease, petrolatum, and metallic silver. 

The hydrogen-electrode function of all experi- 
mental electrodes was determined with a Beckman 
pH! meter model G, using a well-conditioned glass 
electrode as the reference electrode. The voltage- 
departure measurements [16] were confined to a 
pH range over which the glass electrode is known 
to give reliable readings 

In order to determine the alterations of the elec- 
trode surface during the period of leaching, pitch- 
polished, optically flat specimens (approximately 
2.5 by 1.5 em) of Corning 015 glass were partially 
immersed in the same buffer as the electrodes and 
given identical The 
buffer was covered with a thin laver of liquid pet- 


treatment surface of the 
rolatum to prevent evaporation of the solution 
during the period of exposure. The magnitude 
of the swelling of the glass surface was determined 
by observing the displacement of the interference 
fringes when the specimens were placed under an 
optical flat of fused silica |[7, 20]. This displace- 
ment was converted to centimeters by the formula 
5,876 


Swelling in centimeters io-*. 


where NN is the number of orders (fringes), and 
5,876 angstroms is the wavelength of the principal 
helium line. 

The thickness of the silver layers deposited on 
the electrodes was determined by the interferom- 
eter on optical flats of Corning 015 glass coated 
simultaneously along with the glass electrodes. 
A small area of silver was stripped from these 
silver-coated flats by the use of chromic acid, and 
the displacement of interference fringes was ob- 
served. No satisfactory method was developed 
for determining the thickness of the petrolatum 


anh silicone layers 
III. Results and Discussion 


1. Films Formed by Leaching and Annealing 


The data listed in table 1 and plotted in figure | 
show the voltage departures brought about by 
heat treating at 550° Ca series of Corning 015 
glass electrodes previously leached at pH 4.6 for 
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between the electrodes given 1- and 2-hour | 
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ing periods. Although there is some overlapping 
of the voltage-departure curves for the electrodes 
viven 2-, 4-, and 8-hour leaching, it is obvious 
that most of the effective inhibiting layer is formed 
within 2 hours. Converting the voltage depar- 
tures between pH 2.1 and pH 4.6 to pH response 
millivolts per pH) gives the value for the depar- 


ture curve plotted for 550° C in figure 2. From this 
curve the loss in hydrogen-electrode function with 
increasing duration of leaching treatment can be 
compared directly with the amount of swelling of 
the glass (listed in table 1 and plotted as negative 
values in figure 2) brought about by the same 
period of leaching. 


Voltage departure and pH response of electrodes in solutions of various pH values after leaching in a solution at 


pH 4.6 fer various times at 80° C and heat treating at 550° C 


[The attack (swelling) exhibited by the glass under these conditions of leaching is given} 


Tar_e | 
Voltage departure at p1l 

Leaching time 
2.1 3.1 1.6 6.5 7.1 &.8 
hr mt me mt met mt mt 
“a { it] i] i] i] 
i “ 2 s u 4 
2 0 Pat) 7 159 Is] 243 
4 0 14 105 171 ISS 232 
s 0 Al 1s 178 105 248 


pH response calculated from voltage departures at pH 2.1 and 4.6 


Figure 3, 
in table 1, gives an over-all picture of the effect 
of thickness of the inhibiting film on the pH 
response of these glass electrodes. From this 
curve, it is obvious that the major portion of the 
inhibiting effect takes place for film thicknesses 
between 0.29 107° and 2.05 107° em. 

If the edge of the unit cell of cristobalite 
7.01078 em. [24]) is used as a reference scale, 


which was also plotted from the data 


the thickness of the inhibiting layer after 1 hour 
of leaching is 29.0 1075/7.010-8=4.1 unit 
cells. That some of this swollen layer does not 
contribute to the effective voltage-inhibiting 
laver was shown in the earlier work [16] by the 
the leached — film. 
In that investigation the outer layer was found to 
be strongly water absorbent, showing that the 
nonhygroscopic, voltage-inhibiting film was con- 
fined to a layer formed by reaction between the 
base glass and the lower level of the silica-rich 
laver 


hy groscopicity of annealed 


Just what portion of this swollen surface 
contributes to the inhibiting layer is merely 
but the that a 
laver thinner than four unit cells of cristobalite 
Was readily detected by the glass electrode in the 


conjecture, evidence indicates 


present: investigation. 
hese inhibiting films were removed by im- 


Thickness of Inhibiting Films 


pH response Attack (swelling 
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Figure 3. pH response of annealed, leached glass electrodes 


and the accompanying limiting thickness of the inhibiting 
layer on the surface of the glass brought about by leaching 
at 80° C, 


mersing the electrodes for a few seconds in 1:1 


hydrofluoric acid, thereby restoring the electrodes 
to their correct pH response [16]. 
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2. Films of Petrolatum and Silicone 


Other examples of nonhygroscopic films [25] 
that inhibit the pH response of the glass electrode 
are given in table 2 and figure 4. Curve A gives 
the voltage performance of the electrodes before 
the films of the electric nonconductors, silicone 
and petrolatum, were applied 
The 


extent of the departures is not an indicator of the 


(stopcock grease 3 


and also after these films were removed. 


relative inhibiting capacity of the materials, as no 
method of film-thickness control was availeble. 
The often 
electrode so insensitive that no readings could be 


pet rolatum coat ings rendered the 


obtained with the electrometer. 
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Fieure 4 Voltage departures of the glass electrode brought 


/ 


about by films of silicone stopcock grease, petrolatum, and 


silver compared with the voltage response of electrodes having 


little or no hydrogen-electrode funetion 


The voltage departures brought about by a 
film of metallic silver are included in figure 4 to 
emphersize that films of electric conductors are 
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also effective in destroying the hydrogen-el: trod 
function of glass electrodes. 

TaBLe 2. Voltage departures of glass electrodes broyg) 
about by thin films of nonhygioscopic materials, « 

with the voltage 


performance of the saturated 


half-cell and punctured, mercury-filled glass electri 


Voltage departure of glass Voltage per 


electrodes coated with ince of 
pH pH ' 
Petrola Calomel ty 
hed | * . ~ » . 
licone tum ilver half-cell 
elk 
me mr mer mer 
2. 1 0 0 0 2.1 0 
3.3 53 43 is 3.5 SS 
5.4 171 M41 133 $ Isv 
6.8 245 207 lye 6.7 270 2 
8.2 330) 263 252 Ss. 1 352 s 
su $S1 2y. 1 412 ¥ 
91 su 209 295 v4 432 ‘ 
w4 340) w.3 sh) { 


It is interesting to observe that the voltag 


departures of these electrodes with inhibiting 
films approach the voltage departures observe 
for punctured glass electrodes (mercury filled 


half-cell, 


The limiting departure seems to be that dictate: 


and the saturated calomel figure 4 
by an electrode having no response to hydrogen io 
activity. 


3. Films of Metallic Silver 


The data plotted in figure 5 from table 3 sho 
the voltage departures brought about by metal 
The voltag 


electrodes 


silver films of different thicknesses. 
departures for these silver-coated 
especially for the thinner silver coatings, demo 
strated a tendency to drift toward zero departu 
prior to the recorded observations, particular 
in the acid buffers. This feature was attribut: 
to the presence of pinholes in the silver coating: 
Hence the severe bow shown by two of the curs 

in figure 5 is believed to be spurious. 

The inhibiting effect of silver films of differet 
thicknesses on the pH response of glass electro 
is shown by the data given in table 3 and plot! 
The effect of the electrically cond 
ing silver films applied to the outer surfac 
+} 


in figure 6. 


these electrodes is qualitatively similar to 
for the silica-rich nonhygroscopic films obt 
by leaching and annealing, and is also si 


to the water-repellent coatings of petrolatu: 


silicone stopcock grease. 
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Voltage departures of glass electrodes brought 
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voltage departure of electrodes having little or no h ydrogen- 
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LABLE 3 


Voltage 


departures and pH 


res ponse 


of glass 


ectrodes brought about by metallic-silver films of various 
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Ficure 6. Inhibiting effect of silver films of different 


thicknesses on the pH function of glass electrodes. 


4. Voltage Departure with Reference to Sodium- 
Ion Concentration 


Voltage departures exhibited by glass electrodes 
have frequently been accredited to an equilibrative 
response to ions other than hydrogen [26] such as 
Nat. 


theoretical reason for attributing the voltage de- 


In the present investigation, there is no 


partures of the glass electrode brought about by 
the inhibiting films to a response of the electrodes 
to [Na*] of the buffers used. 
ous that a thickness for any of the inhibiting films 


However, it is obvi- 


could be selected that would present a pseudo- 
correct response to the [Na*]. 


IV. Conclusions 


The glass electrode readily detects the presence 
of certain voltage-inhibiting films as thin as 30 
angstroms. This sensitivity approaches the prac- 
tical limits of resolution of the electron microscope 
and the interferometer. Films of electrical con- 
ductors, such as silver, and electrical nonconduc- 
tors, such as petrolatum, when applied to the 
outer surface, appear to be equally effective in 
inhibiting the pH function of the glass electrode. 
A study of the nature of these films may lead to 
a more satisfactory picture of the mechanism of 


the glass electrode. 
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_,,[Light-Sensitive Papers as Controls for Testing Textile 
" Colorfastness and Stability of Materials 
ee Under Arc Lamp Exposure 
7 By Herbert F. Launer 
_ mt 
A simple method of control of the integrated exposure of the fluctuating are lamps used 
CONCET in the textile and other industries for testing lightfastness of textile dyeings and stability 
ter toward light of materials in general, is described. A piece of light-sensitive paper is placed 
Soc. 30, in lamps along with materials to be tested, and the exposure is terminated when a match 


with a standard, observable with the unaided eye, is obtained. The standard is a strip of 
the same batch of paper that has been exposed in a master lamp to a definite light dosage. 
The method is based upon standard light quantities and is thus largely independent of 
variation between batches of light-sensitive paper. 

The variations among fading lamps used in the textile industry and the causes, such as 
differences in lamp models, and line voltage, are discussed. A 4-percent difference in line 
voltage leads to a difference in radiant output of 11 percent in the waveband from 300 to 
480 millimicrons, the region probably causing most of the fading of dyed textiles. Varia- 
tions in line voltage considerably larger than 4 percent are probable in many communities. 

The papers were made.in batches of 20 to 30 thousand test pieces by dip-dyeing special 
cotton-rag or wood-fibers papers with aqueous solutions of Niagara Blue G, or with Victoria 
Blue B in aqueous ethanol. One paper was made by beater-dyeing wood fibers with Niagara 
Blue G to give a nonleaching paper and was sized with melamine resin to impart high wet 
strength, making the paper suitable for lamps with water spray. Other paper-dye com- 
binations were studied, 

Data are presented indicating the visual sensitivity of the various types of papers from 
1 to 100 hours of usual are exposure, the permanence of the papers during storage in the 
dark, the uniformity throughout each batch, and the effect of nonuniformity, temperature 
effect, lasting qualities of the standard strips during use, correlation with textile dyeings, 
and the effect of intermittent exposure. 

The master lamp used for standardizing the papers, its accessories, and reproducibility 


of input power and radiant output are discussed 


I. Introduction The extent of such variation has been the 
subject of recent surveys by Wood [1],' the National 


The textile and other industries use carbon ares 
rthe testing of colorfastness of dyed fabries and 
stability of materials in general to light. There 
considerable variation in performance among 
ps and of a given lamp from time to time. 
nce the testing is predicated upon comparable 
formance of such lamps, variation introduces 
wertainties and frequently vitiates the results. 


esearch Bight-Sensitive Papers 





Bureau of Standards [2], and Seibert [3]. The 
results of all three, obtained by distributing 
various types of dyed materials for test in large 
numbers of lamps, showed the variations to be 
very large. Seibert, in particular, showed that 
some of the weakest lamps required from two to 


Figures in brackets indicate the literature references at the end of this 


paper 
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three times as long to produce the same fading as 
the strongest lamps, and that over one-third of 
the lamps deviated by more than 15 percent from 
average. 

Although practically all textile fading lamps are 
of one manufacture (Fade-Ometer) and involve 
the same fundamental are characteristics, they 
differ among the several models as to type of 
current (alternating or direct), as to power input, 
and in thermostating, 
humidifying, and exposing the samples. Such 
differences in design probably give rise to differ- 


the arrangements for 


ences in performance among the various instal- 
lations [4]. 

The differences, however, in fading action mnong 
identical models, or in a given lamp appear to 
arise from variations in line voltage. The radiant 
output in the spectral region, approximately 300 
to 480 my, probably the most generally effective 
spectral region in such lamps, changes by 11 
percent for a 4-percent change in line voltage.’ 

Data were obtained by regulating, at various 
values, the line voltage of an alternating-current 
FD A-R model Atlas Fade-Ometer and measuring 
the corresponding relative radiant output with an 
RCA 929 phototube 
bination, having a spectral maximum near 385 


Corning 5850 filter com- 


myu., in a circuit with General Electric recording 


microammeter. Typical data were as follows, 


integrated over 's-hr periods: 


Relative 
Line age phototule 
response 


pamp 


0 


to tS te 
~ Ww 
’ a i | 


Voltage variations at most substations in the 
District of Columbia are about 4 percent,’ which is 
To this 


must be added the variable voltage drop in the 


probably exceeded in most communities. 


mains, transformers, and individual plant wiring, 
which may be as high as 11 percent [6] 

Another factor is the gradual decrease in ultra- 
light aging at The 


An unpublished paper presente« i: S¥YMposium on 


Bureau of Ships, Navy Department, Washington, D. C., Oct. 1945, at a 
meeting of the Technical Association of the Pulp & Paper Industry, New 
York City, Feb. 1946, and at a meeting of the American Association of Textile 
Chemists & Colorists, Philadelphia, Pa., April 1945 [2, 5] 

Quoted with the pert m of George Bisset, Potomac Electric Power Co 
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near the transmission cut-off of | 
enclosures, through 
However, Cady and Appel [7], who expose:! |.259 





violet glass 


solarization of the glass 
erences 
in fading with and without intervening windoy 
glass. Cady and Smith [8] found little differene, 
in the fading of 40 dyeings exposed to the Fado. 
Ometer with plain and with Corex-D glass clobps 
which indicates that that region of transmission o/ 
glass most affected by solarization, namely, beloy 


textile dyeings to sunlight, showed little ¢ 


330 my, may not be of decisive importance fo 
textiles. The visible discoloration of the elas: 
caused by extended use may cause consideral) 
difference between lamps. 

Since uniform performance of are lamps is 
practical impossibility at present, recourse must 
be had to a method of exposure control by est 
mating radiant output with a light-sensitiy 
material, 

Simple methods of exposure control have be: 
described before.  Krais [9] used the light-sens 
tive dve Victoria Blue R on china clay, the latt 
then brushed on to paper, Robson [10] used eos 
on a filter paper, Scott [11] used Victoria Blue | 
on silk, and Clark [12] used zine sulfide on pap 

A method using a light-sensitive solution is tha 
proposed by Werkenthin [13] and his associates 
of the Bureau of Ships, U.S. Navy, for the contr 
of are performance in the testing of rubbe: 
which a solution containing essentially urany 
oxalate in a silica cell is exposed to the arc. T! 
method is a noteworthy, successful attempt 
systematize the use of testing ares, but it is! 
simple to use, and in its present form is limited 
exposures of approximately 's-hr duration. Ot! 
details of the method have been studied by Grew 
and Bowditch [14]. 

A control for fading lamps has been discuss 
by Wood [1], who studied various combination 
of dyes and appropriate vehicles, such as s 


wool and cotton textiles, paper, ete., and to 
Formy! Violet 54B on nylon to be the most sens 
tive. An are was used as a master, or refere! 
lamp, but the idea was discarded when it was fou 
that the lamp changed 20 percent in 4 months 
Christison [15] recognized the desirability o 
master lamp, but in its absence stressed the rep! 
ducibility of shade (rather than of fading rats 
the blended wool materials he developed, wh 
have since been adopted by the AATCC for 


grading of dyeings into classes of lightfas 
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jiffering by steps of 100 percent. However, 
chese materials, of which Cady [16] has given his- 
toriea! background, were intended for only rough 
control! 

Seibert [8] proposed a procedure employing a 
light-sensitive gray paper and gray cotton, with 
standards based upon a fixed “percentage color 
determined from reflectance measure- 
ments. His materials were distributed to a num- 
ber of lamp users and showed the difference in 


change, 


exposure periods among the various lamps that 
were necessary to reach a given extent of fading. 
The materials, however, were rather insensitive 
to time differences under 20 percent. 

In the above methods, the standard with which 
the light-sensitive materials are compared, in 
estimating exposure, is either 
0, 10], which is difficult to evaluate, or some final 
shade [11, 12, 3], defined by preserving a sample 
or by means of a spectrophotometric reflectance 
curve. With such a standard, the light-sensitive 
materials must be reproducible in fading rate from 
batch to batch, as otherwise the amount of ex- 
posure necessary to match the standard may vary 
for each bateh, thus nullifying the method to that 


“eolorlessness,”’ 


extent. 

The present article describes a method based 
upon standards produced with reproducible light 
dosages, rather than from reproducible batches of 
the light-sensitive media. The method has been 
found to be generally satisfactory in large-scale 
application to textile fading and lamp calibration, 
2, 5] 

The freedom from the difficulties of batch repro- 
ducibility, the ease of recognizing extent of ex- 
posure, the reasonable assurance of uniformity 
within each bateh, the wise range of exposure 
periods available, and the general standardization 
of procedure constitute the main advantages of 
the method, 


Il. Principles of Method of Control of 
Lamp Performance With Light-Sensitive 
Papers 


Special paper was made and dyed with a light- 
sensitive dye in quantities of 20 to 30 thousand 
lest preces per bateh in the experimental paper 
mill at the Bureau. 
of the batch 
lamp by exposing it 


is standardized in a 


convenient, 


A portion 


Masts to a 
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measured light dosage, defined in terms of “‘stand- 
ard are hours.’ This standardized paper becomes 
the secondary standard used to gage light dosage 
in other lamps. 

In a typical application, a piece of light-sensitive 
paper is simultaneously exposed with materials 
being tested in a lamp. When a match between 
the test piece and the secondary standard is 
observed with the unaided eye, the materials are 
assumed to have received the corresponding light 
dosage. Estimating the degree of under- or over- 
exposure is facilitated by auxiliary standard strips 
representing 80, 90, 110, and 120 percent of the 
light dosage. 

The actual time of exposure is thus immaterial, 
unless it differs consistently, perhaps 30 percent 
or more, from the number of standard are hours 
identified with the exposure, indicating that an 
adjustment on the lamp may be desirable. 

This method has as its fundamental basis the 
production of secondary standards from each 
batch of light-sensitive paper, with a definite, 
reproducible dosage of light. Thus the batches 
can, and do, vary, or the paper type may be 
changed without affecting the validity of the 
method. 

Light-sensitive papers can be used, without 
secondary standards, as light-totaling devices in 
photochemical or other research with a given 
source of light. Relative intensities in many parts, 
otherwise inaccessible, of a given system may be 
simultaneously measured very simply. The papers 
dyed with Niagara blue were found to be colori- 
metrically unaffected by ozone and may thus be 
used near quartz mercury lamps or lamps of the 
germicidal type. Combined with photometric 
measurement of reflectance, precision in using 
light-sensitive papers may be expected to equal 
that of acceptable radiometric technique. 


Ill. Light-Sensitive Papers 


A variety of types of light-sensitive papers were 
developed for various periods of exposure and for 
exposure in lamps with water spray. The method 
requires that the papers be colorimetrically stable 
in the dark, both unexposed and exposed samples, 
producible in large uniform batches, normally 
responsive to temperature, are characteristics, and 
relative humidity, and visually sensitive, as defined 
by the additional exposure, expressed in percentage 
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of the light dosage already received, necessary to 
produce a change observable with the unaided eye. 


1. Components and Methods of Dyeing 


Fifteen kinds of experimental papers, varying in 
type of cellulose, filler, sizing, and finish were dyed 
and irradiated to determine the optimum charac- 
teristics of papers for the work. Two neutral 
(pH 6.8) unsized papers were then produced in the 
Bureau's paper mill. Paper 1444 was made 
entirely from wood pulps (80% No. 1 soft alpha, 
20% hardwood sulfite pulps), and paper 1370 was 
entirely of cotton origin (40% new rags, 40% old 
rags, 20% clay). Papers of these types show con- 
siderable cellulose stability. 

These two papers were tested with 47 represent- 
ative dyes at various concentrations. It was 
found that National Aniline Niagara Blue G 
Conc., lot 64704, Colour Index 502, and, to a 
lesser extent, DuPont Victoria Blue B, Cone., lot 
22, Colour Index 729, gave the most useful 
products. 

By varying dye, fiber, and method of applica- 
tion, papers of differing fading rates were obtained. 
The exposure times represent approximately the 
time necessary for most Atlas Fade-Ometers to 
fade the papers to the region of most perceptible 
change, which occurs wher the paper has sufficient 
dve left for easiest judgment of the effect of further 
increments of light. 

(a) Paper (’, exposure time 3 to possibly 10 hr: 
paper 1370, tub-dyed with 0.09 percent of Victoria 
Blue in’ 1:3, 95-percent ethanol-tap water 
solution 

(b) Paper E, exposure time 10 to 40 hr. Paper 
1370, tub-dyed with 0.54 percent of Niagara Blue 
in tap water 

(c) Paper F (or A), exposure time 40 to 100 hr. 
Paper 1444, tub-dyed with 0.65 percent of Niagara 
Blue in tap water. A somewhat lighter modifica- 
tion of paper F has been referred to as paper A. 

(d) Paper S, exposure time 20 to 40 hr in lamps 
with water spray. This paper was beater-dyed by 
adding a solution of Niagara Blue to give a 0.5 
percent ratio, dye: fibers, using the same kind of 
fibers as in paper 1444. Melamine resin, 3 percent 
of fiber weight, was added to the beater to give 
high wet strength for use in lamps with water 
spray. 

These four types serve to indicate the methods 
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of producing papers of various desired characteris. 
tics. The tub-dyed papers, which are finish, 
papers run through a dve bath, must be used dry 
the beater-dved paper is nonleaching and may }y 
used for “weathering” lamps, but is decided) 
inferior to the tub-dyed papers in sensitivit 
tub-dyed papers have the disadvantage of 

to exhaust the dye bath, which thus 
replenishing from time to time. 


2. Visual Sensitivity 


Cooperating commercial and governments 
organizations found that paper A had a visuy 
sensitivity of 10 percent; that is, the color dif- 
ferences between pieces exposed for 18, 20. an 
22 hr could be easily distinguished, although som 
observers encountered hue difficulty in mateh he 
the standardized strips with their own exposures 
Investigation showed that the difficulty was elimi 
nated if the samples were matched in the absen 
of the unexposed blue border of the test pieces 

Subsequently it was found that this typ 
dyed wood fiber paper is considerably more sens- 
tive after 40 hrs of exposure, whereas paper § 
made of cotton fibers, absorbing less of the san 
dye, is more sensitive at the 20-hr period 

A comparison of the visual sensitivity of 
various papers is given in table 1. The results 
are based upon the estimates of a limited numly 
of individuals and are probably more reliable o 
a relative than absolute basis. 

Paper E, made from an unusually uniform, so! 
base sheet had the highest sensitivity, because its 
smoothness of texture detracted least from shad 
differences. The coarser texture of the oth 


TABLE 1. Minimum increments in light dosage p 


visible * differences in light-sensitive papers 


Percentage of total light dosage * 
following hours of exposure 
l'ypes of papers 


th) 


( 5 W hite 
Fk 5 2! 
F (or A ; 0) 
S (air-dry ‘ 15 


S (with spray 


* By visible is meant a difference that can be seen, with the 
between two pieces of paper, one closely superposed upon the 
than differences on one piece 

» For example, if it is possible to distinguish between a piec 
2) hr and one exposed for 20% hr, in the usual Atlas Fade-Omet: 


ment producing a visible difference is expressed as 24% percet 
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pers, or the mottled appearance of faded papers 


sing unsuitable dyes, acts like camouflage in 


sppearing to break up the edge of two fields being 
ompared, whereas ease of comparison depends 


onsiderably upon sharpness of borderline. 

These papers were all uncalendered after dye- 
ng, because it was found that the gain in fineness 
{texture was more than offset by the production 
{highlights due to specular reflection. 

Paper 8, beater-dyed, the simplest to produce, 
was also the most insensitive. Since all constit- 
wats were the same as in F, and since differences 
in the amounts of dye were largely without effect 
m sensitivity, the method of applying the dye 
must account for the difference. A beater-dyed 
per can be expected to be more uniformly dyed 
throughout its thickness than a tub-lyed sheet, 
in that the latter is darker on the outside. This 
was strikingly so in paper C, of which the internal 
fibers remained white. It is, therefore, possible 
that a lighter interior causes greater contrast, and 
uniform beater-lyeing, less contrast. 

The rate of fading of paper S is dependent 
upon the wet-liry cycle. As the ratio, time wet, 
total time, is increased from 0 to 30 percent, the 
rate increases considerably, apparently because of 
an accelerating effect of water, remains roughly con- 
tant to 70 pereent, beyond which, to 100 percent, 
the rate decreases. 

The decrease in rate is probably due to the 
ower temperatures of the paper when wet, and 
ull of the papers sprayed over 50 percent of the 
lime, except those continuously sprayed, showed 
ess fading at the bottom, where the water tended 
to remain longer. This was not a leaching proc- 
ess, since papers sprayed in the dark, or those kept 
continuously wet during exposure, showed no 
nhomogeneity. The effect of temperature will be 
discussed ina later section. If this type of paper 
is used in “weathering” lamps, the wet-dry cycle 
If it 


exposures, the amount of rainfall, and, of course, 


should be specified. is used for outdoor 
temperature will be a factor. 

Fading in this and other experiments was taken 
from reflectance measurements made at 45° from 
normal imeidence at 578 my, with equipment 
{17}. The 
ucked flat against a black backing during meas- 
Irement 


reviously deseribed papers were 
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3. Colorimetric Stability in the Dark 


During storage periods of 8 to 18 months, the 
papers were found not to have changed signifi- 
cantly, with the exception of paper C. This was 
found by measuring the reflectance, at various 
times, of 100 pieces, taken at random from each 
batch, the total change being within the limit of 
reproducibility, 0.002 reflectance, of the instru- 
ment, 

Paper C, during 8 months, was found to have 
lost color corresponding to approximately 5 per- 
cent of its 3-hr period. This paper for short 
periods, therefore, must be considered unstable, 
but can find practical application by frequent 
standardization. For periods beyond 5 hr, it is 
probably sufficiently stable. 

The other papers, both exposed and unexposed, 
were subjected to a rather severe process of 
“accelerated aging,” by being kept at 100° C in 
the dark for 3 weeks. At the end of the time they 
were found to have lost color corresponding to 
5 percent of a 20-hr exposure period. 


4. Standardized Strips During Use 


The standardized strips are mounted ‘n a 
comparison booklet that has flexible black cellu- 
lose acetate covers to protect the strips from soiling 
and light during nonuse. 

During use, the strips are exposed to interior 
daylight and artificial light. It was of interest to 
determine the additional fading of the strips during 
normal Some exposed pieces of paper A 
were placed under Corex D glass to keep out dust 
and exposed to the daylight of a well-lighted room 
for 3 weeks in the late fall of the year. This 
corresponded roughly to a daily exposure of 10 
min for 2 yr. The reflectance change was found 
to be 0.004, corresponding to less than 1 hr of 
lamp exposure out of 20, and constituting an error 
of less than 5 percent for this rather severe test. 

Under conditions of extreme atmospheric dry- 


use. 


ness, such as prevail in northern latitudes in winter, 
or in desert regions, it has been found desirable to 
humidify briefly, with the breath, the test piece 
before comparing, inasmuch as the reflectance of 
the warm, dry piece, just removed from a lamp 
operating under the extreme conditions mentioned, 
is too high by approximately 5-percent exposure 
time. Under all other conditions, including ex- 
treme humidification, the reflectance is unaffected, 
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During the comparison, it has been found advis- 
able to keep the test piece in the exposure frame 
so that the unexposed blue border shall not have a 
disturbing chromatic effect. 


5. Uniformity of Batch 


The reflectances of 100 pieces each of papers 
C, E, F, 


random, were measured. 


and S, and 255 pieces of A, chosen at 
The resulting frequency 
distributions were analyzed statistically for stand- 
ard deviation, 
Ss= + (Sfr? S*fr non :. 

which were found to be 1.07, 1.12, 1.40, 1.60, and 
1.85 for papers S, E, F, A, and C, respectively, 
indicating increasing dispersion and nonuniformity 
in that order. As might be expected, the beater- 
dyed S was the most uniform, with the soft E a 
close second. Dyeing from a partially nonaqueous 
solution, as in the case of C, resulted in least 
uniformity of product. 

The real test of uniformity is, of course, the 
uniformity of fading rate of pieces having various 
the 
lowest, middle, and highest reflectance ranges of 


values of initial reflectance. Pieces within 
each type of paper were simultaneously exposed 
The 
changes in reflectance were then measured. It 
was found, for paper E, that the final reflectance 
was practically independent of the initial reflect- 


to light dosages appropriate for each type. 


ance. For paper F, however, it was found that the 
lowest reflectance group faded 6 percent) more 
slowly, and the highest group 5 percent more 
rapidly than the middle group. 

the corresponding values were 7 and 2 
These 


represent the errors involved in using off-color 


For papers A 
and C 
percent, respectively, for both extremes. 
pieces of the papers. Apparently, the papers 
made from cotton fibers were considerably more 
uniform in fading rate than those made from wood 
fibers. 


6. Effect of Temperature on Fading Rate 


Although the papers are stable in the dark and 
temperature alone has practically no effect, it 
was found that 
influence during exposure to light. 


temperature has considerable 


The results in table 2 show that the extent of 
fading of two typical papers for a given exposure 
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was considerably increased by raising thi emper. 
ature. The effect is seen to decrease wit); risino 
temperature, and as the AATCC speciticatig, 


for air temperature in the Fade-Ometer is 46° ¢ 
the temperatures of 
will be near the higher values. 

From the results in table 2 for papers E and 4 
neglecting the last value for the latter and using 


various materials there 


instead a value obtained from a smooth cury, 
and from the fading rates of the two papers, 
can be estimated that an error of 10 percent woul 
occur using the paper in two lamps operating at 40 
and 50° C, disregarding the fact that the mate. 
rials being tested may also show temperatur 
effects and thereby decrease the error. |i 
obvious that temperature specifications for thy 
testing of all materials are necessary if the paper js 
to perform satisfactorily. 


TaBLe 2. Fading rate of papers A and E as a 
temperature 
Change in reflectanc 
Temperature * of paper 
Paper A Paper 
if 
a) 0. O83 0 ’ 
uw) 1a 
ww) 10 ” 
mM) 142 a 
TD) 142 my 
* Temperatures of the papers were closely controlled durit 


sucking the sheet against a thermostated metal backing The 
Fade-Ometer are, 


of cool flowing distilled water in a Corex-D cell r 


operated from controlled voltage, Was passe 


ll-mm layer 


humidity was maintained near 58% for all experiments with a s« 


Br, saturated at the same temperatures as in this table rhis 


described in detail In reference [1S 


From a fundamental standpoint, the fact t 
the fading rates of these papers have tempera 
coefficients larger than unity shows that thern 
reactions, with appreciable heats of activati 
Th teni- 


perature coefficient, corresponding to the error 0! 


accompany the photochemical reaction. 


in fair agreement with the fine- 
[19], found 
ranging from 1.040 to 1.084 for four dyes in coli- 
dion films. Luckiesh and Taylor [20] found lit 
effect of temperature on the fading of silk mbb 
between 29° and 49° C, but “appreciably” mor 
66° C. Both of these studies were, however 
limited in scope to allow conclusions regardil 
temperature coefficients of fading of textile dyes 


10 percent is 1.1, 


ings of Schwezow who coefficients 
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n general. It seems probable that temperature 
vould affect the rate of change of textile dyeings 
and other materials during irradiation. 


7. Correlation With Textile Dyeings 


The trend in the design of textile fading lamps 
has been in the direction of closer control of tem- 
perature and relative humidity of the air in the 
sample space. Also, greater uniformity of spec- 
tral distribution may be expected with the increas- 
ing prevalence of installations by using alternating 
current, of which the voltage is more easily control- 
lable than with direct current. Thus, with the 
later models it is possible to draw up standard 
procedures to minimize these sources of difference. 
However, many old models are not only in use, 
but validity of comparison of performance is 
frequently expected. 

It was, therefore, desirable to determine how 
well a light-sensitive paper could serve as a control 
in lamps differing in type of arc, relative humidity, 
and temperature in their fading action on textile 
dveings. 

The open-are lamp, in which the humidity 
could be varied range, the 
humidifier consisted of an electrically heated 
water trough, was used for this experiment. Two 
sets of conditions, probably more extreme than 


over a wide since 


general practice, were used: dry trough, relative 
humidity 13 percent, air temperature 38° C; water 
in the trough at 85° C, relative humidity 37 per- 
cent, with air temperature 54°C. Textile dyeings 
were exposed under both sets of conditions to the 
sume reflectance of paper A, and the reflectances 
of the dyeings were measured, before and after 
exposure at 436, 546, and 578 yw, The results 
at the wavelength of greatest reflectance change, 
which for all of the dyeings studied was one of the 
latter two wavelengths, usually agreed well with 
visual judgment. 

The results showed that the fading rates of 
paper A and of most textile dyeings studied were 
affected to much the same extent by moisture and 
Of 42 dyeings, 22 faded equally 
within 5 % of reflectance change), 17 faded less 
and 3 faded more, at the higher temperature and 
relative humidity. 

ln another series of experiments, dyeings were 
exposed in two widely differing lamps, enclosed 
and open are, to the same reflectance of paper A. 
Of 53 dyeings, 16 faded equally, 13 faded more 


temperature, 
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under the enclosed are, and 4 faded more under 
the open are. 

In spite of the agreement, however, the results, 
even for the limited numbers of dyeings, indicate 
the desirability of standardizing such factors as 
relative humidity, type of arc, voltage, ete., as 
well as temperature, in test procedures. If that 
were done, the method could be expected to have 
general validity for many types of materials. 


8. Effect of Interrupting Exposure 


The light-sensitive papers showed excessive 
fading whenever the exposure was interrupted 
through failure of the are in overnight runs. 
Paper E, for example, changed in refleetance by 
0.158 for a continuous 16-hr exposure, whereas 
for two 8-hr exposures, interrupted by 16 hr. of 
darkness (during which no changes occurred), 
the reflectance change was 0.200. Further, if 
instead of 20 hr continuous exposure, interrup- 
tions of 1, 2, 3, or 4 hr occurred at 16 hr, followed 
by 4 additional hr of exposure, the increase in 
reflectance change over continuous exposure was 
0.013, average, after all four periods of interrup- 
tion. (In all of these experiments the are was 
allowed to reach normal operating conditions 
before exposure.) 

This intermittancy effect in light-sensitive 
papers, and perhaps also in textile dyeings and 
other materials, requires a more extended study, 
which is beyond the present scope. 


IV. Master Lamp for Standardizing Light- 
Sensitive Papers 


The original intent was to develop a lamp that 
would provide a given light dosage, and fractions 
thereof, in given time periods, the light dosage 
being related to a given number of photons of 
The various 
measures to be described resulted in a lamp in 


constant wavelength distribution. 


which a given light dosage could be reproduced, 
but it was not possible to obtain a precise fraction 
of such a dosage, that is, 80, 90, ete., percent, for 
the auxiliary standard strips, because of variation 
of electrode resistance during the burning of the 
For this reason light dosage 
meter.” 
This is an adaptation, to high intensity sources, 
of a device developed by Douglas [21] for the 
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carbon electrodes. 


“ce 


is measured by means of a “exposure 














measurement, over periods of time, of extremely 


small quantities of light. This device will be 


described in detail in a subsequent publication. 


1. Lamp and Accessories 


During operation, the globe of the enclosed are 
acquires a deposit of soot and ash from the elee- 
trodes, varying in thickness and transmittance, 
apparently as a function of the composition of the 
are gases and of the ash content of the electrodes 
and thus changes the radiant output. Therefore, 
an are was used that burns in 9 current of air 
that removes the are residues and makes deposition 
negligible upon the 18-cm Corex-D tube that sur- 
rounds the are and aids materially in simulating 
the fading action of the enclosed are by providing 
a short-wave cutoff near 290 mu. 

The open are burns cored electrodes, and es the 
nature of the core material determines to a great 
extent the spectral distribution of the are, it is 
necessary that the electrodes be uniform through- 
out the batch. An effort was made to achieve 
this by purchasing a large quantity of electrodes, 
specially manufactured at one time from one lot 
of ingredients, culled to very close tolerances as to 
diameter. 

During standardization the paper is mounted 
on a drum rotating at 1 rpm around the are. The 
vertical face of the drum was machined to within 
0.003 in. of perfectly circular and the paper 
mounted under tension against the machined face 
by wrapping around the drum, thus minimizing 
tendency toward curvature in the other 
As the paper extends downward from 


any 
direction. 
the drum by 5 em, and its midpoint is 25 em from 
the are (which, furthermore, is not a point source 
but is about 15 mm long), the amounts of incident 
radiant energy differ vertically over the paper by 
less than 1 percent, and probably not at all hori- 
zontally, during rotation. 

The lamp is housed in a special room at 
+0.5° C and 50 +1 percent relative humidity, in 


25 


order to avoid seasonal effects. 


2. Power Input to Arc 
Regulation of are current and line voltage is 
necessary for reproducible performance of the arc. 
A device, which is essentially a contact-making 
ammeter, regulates the are current at 30 amp by 
controlling a reversible motor that regulates the 
are gap. 


176 


The line voltage is kept within a tole; aneo x 
+0.5 percent by means of an induction volt, i 
regulator, mechanical type. . 

The line voltage is applied to a fixed tray 
that operates the are near 40 v. 

Constant power input during 


former 


the burn g of 


i 
trim of the carbon electrodes is not obtained | 
regulating line voltage, because the IR-drop jn +) 
In a typical eas 
as the electrodes the 
resistance * changed from 0.19 to 0.44 ohm, and thy, 
electrode holder voltage (the “are”? volts actually 
measured) changed from 42.5 to 40.5, the curren) 
remaining at 30 amps. From these values it ey 
be calculated that the true are voltage rose froy 
36.7 to 39.2, accompanied by a rise in power inpu 


electrodes changes with length. 


were consumed, carbo 


3. Reproducibility of the Arc 


By limiting the tests to a definite portion of ¢! 
electrodes, it was possible to obtain a measure of 
the reproducibility of the are by relating radian: 
output to power input. 

The experiments were spread over a period of 2 
weeks, each test as described in the footnotes o/ 
table 3. 
was mounted on a drum rotating at 1 rpm arow 


An exposure meter, the receiver of whic! 


the are, thus scanning it from all angles, was us 
to measure radiant output. 

The results in table 3 show the following 
The power input to the are is quite reproducib} 


as the coefficient of variation in the wattage wa: 


only 0.59 percent, with an extreme difference : 


2.7 percent. (2) The radiant output, in terms 


counts per hour and counts per watthour, is re- 


producible to the extent indicated by the corn 
sponding coefficient of variation, and the extren 
This reproducibility reflects vari 


variations in average |i 


differences. 
tions among electrodes, 
voltage, shifts in wavelength distribution, as 


exposure meter is spectrally selective, and errors 


in the latter. Since, in ordinary practice, try 
trims of electrodes are burned 
electrode variations will probably be less tha! 


simultaneous 
indicated. 
The problem of variations among textile fad 


lamps was William D. App 
Members of the lightfastness committees o! 


suggested by 


N 


‘ Data furnished through the cooperation of F. T. Bowditch of t! 
Carbon"Co., Cleveland, Ohio 
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rOltag egion * approximate ly 800 to 480 m, mip 
f 
fOrmes “Photon counter” 
values 
£ Ol a Run * Pime = Counts 
red by Counts per 
perhour watt- 
r) in t] hour 
al Cass min a 
carbo 113.0 1, O62 1.301 1. 234 
9 112.0 1,071 1, 322 1.234 
and th 111.9 | 1,072 | 1,297 | 1.210 
Letually i 111.8 1, O73 1, 300 1. 212 
111.2 1,079 1, 292 1. 198 
current 
Sit cw é 16 | 1,0 1,289 1.199 
111.5 1, O76 1, 293 1. 22 
se fron s 112.3 1, 068 1, 203 1. 210 
r input “ 111.4 1, 077 1, 280 1. 188 
10 111.8 1, OF 1, 276 1. ISS 
i! 111.9 1, 072 1, 209 1. 212 
12 111.0 1.osl 1, 293 1. 1% 
} of t} LS 111.2 1,079 1,204 1, 200 
i4 111.6 1,075 1,512 1.220 
sure oO] 1 110.5 1, OSE 1,312 1. 208 
radiant 
1 110.0 1.091 1,308 1. 194 
7 ill.4 1,077 1, 203 1. 200 
od of 2 Is 111.8 1,073 1, 306 1. 217 
9 11.4 1,077 1, 200 1. 10S 
OteS 
f wh 
arout Mean 1, O76 1, 208 1. 26 
Standard deviation 4 6.31 11.4 0.0138 
us Us 7 Coetficient of variation,¢ 
percent 0 OSS 1.1 
Extreme difference, per 
ng cent... 2.7 8.5 .8 
lucibl 
ve Wis ' 
‘nee | ; pectral region was defined by the spectral sensitivity and trans- 
of the RC A 929 high-vacuum phototube and the Corning 5850 
‘rms ol mm filter, respectively, the maximum occurring near 385 mp (manu 
i< ita 
; ‘ \ I le trim of cored carbon electrodes was used for each run, and 
corr i nts were started 60 minutes after the first striking of the are 
xtreme i lhe energy input to the are for each run was 2000.0 watthours, measured 
Rotating Standard watthour meter, General Electric model IB9Y, 
Vara t being read to 0.01 watthour, using the proper current and voltage 
re | ne ia ers hus, the number of counts were divided by 2,000 to obtain 
yunts per watthour. The values for watts were obtained by 
as tilt H watthours by hour 
err 724 +(rax—)? 
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J. O'Leary and Joshua K. Missimer, under the 
general supervision of B. W. Scribner, Chief of 
the Paper Section, rendered the indispensible aid 
of making and dyeing all the papers. Paul J. 
Shouse made some of the measurements and equip- 
ment. 
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Expansive Characteristics of Hydrated Limes and the 
Development of an Autoclave Test for Soundness 


By Lansing S. Wells, Walter F. Clarke, and Ernest M. Levin 


\ technique for preparing, curing, and autoclaving 1- by 1l- by 10-inch cement-lime 
bars was developed, and the expansive characteristics of 80 commercial hydrated limes 
were determined. On the basis of chemical analysis and percentage of unhydrated oxide, 
the hydrated limes were classified into four series: high-caleium, regularly hydrated dolomitic, 
highly hydrated dolomitic, and magnesian. Data on the expansions of cement-lime bars 
prepared in the proportions of 2 parts cement to | part lime, 1 part cement to 1 part lime, 
and 1 part cement to 2 parts lime, by weight, and autoclaved to 295 pounds per square inch 
gage pressure for 3 hours, showed that bars prepared with the regularly hydrated dolomitic 
limes, which had the highest percentages of unhydrated oxides, had the highest per- 
centages of expansion. The high-calecium limes, characterized, in general, by the lowest 
percentages of unhydrated oxides, gave the lowest percentages of expansion. Most of the 
highly hydrated dolomitie limes had percentages of unhydrated oxide and expansion that 
were comparable to those of the high-calecium limes. An increase in the proportion of lime 
in the cement-lime bars was attended by an increase in expansion. The method for deter- 
mining the linear expansion of cement-lime bars autoclaved at a steam-gage pressure of 
295 |b/in2 (equivalent to a temperature of 216° C.) was found to be reproducible, by three 
independent operators. The effeet of 17 different portland cements on the expansion of 
cement-lime bars showed that the expansion values for a particular lime tended to increase 
as the expansion value of the constituent cement in¢reased. Arbitrarily subtracting the 
expansion of the neat cement from the total expansion gave the most uniform result for the 

net’? expansion of the lime. With an autoclave specially modified for ascertaining the 
behavior of cement-lime bars during the course of autoclaving, it was found that only a 
slight amount of the total expansion occurred before a temperature of 150° C. was reached, 
but above 150° C. a rapid expansion rate was noted, which in turn tapered off before a 
temperature of 216° C. was reached. Retarding the rate of heating resulted in a decrease 
in the total expansion. Finally, from criteria set forth for a procedure for determining the 
soundness of hydrated limes, a test is proposed with a suggested limit of expansion of 1.0 


percent 


I. Introduction ties [1].'. The publication of the paper soon led 
to consideration of the effect (if any) of unhydrated 
magnesia in partially hydrated dolomitie limes, 


lt is highly important that a mortar or plaster, , 
and the Bureau became interested in this problem 


er being gaged with water and setting in place, 
as it relates to plaster. 

Extensive surveys showed that plaster failures 
characterized by the formation of bulges (large 
blisters) in the white coat, as illustrated in 


not undergo appreciable change in volume. 
“nee it was known that the hydration of the 
ronstituents of lime is attended by a marked 
herease in volume, a study was made at the 
National Bureau of Standards of the hydration of 
~ . . _ 1 Figures in brackets indicate the literature references 
magnesia in dolomitic hydrated limes and put- paper 
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figures 1 and 2, were widespread. Some of the 


salient features of the Bureau’s findings were 
summarized recently [2] as follows: 

(1) Not a single instance has been found where 
bulging occurred in a white-coat plaster made with 
high-calcium lime; (2) ordinary dolomitic hydrated 
limes contain large amounts of unhydrated MgO 
and little or no free CaO; (3) hydration of the free 
MgO to Mg(OH), is accompanied by marked 
expansion; and (4) after several years, the forces 
set up by this hydration and attendant expansion 
can and do cause the formation of bulges and the 
shearing of the white coat from the underlying 
coats."’ A more detailed paper is being prepared 
on this subject. 

As a result of these studies, the Bureau was 
requested by other Government agencies to assist 
in formulating a specification that would exclude 
partially hydrated limes containing a high per- 
centage of unhydrated oxides. Accordingly, the 
following tentative amendment to Federal Speci- 
fication SS-L-351 for hydrated lime [3] was 
prepared: “The total free (unhydrated) calcium 
oxide (CaO) and magnesium oxide (MgQ) in the 
hydrated product shall not exceed 8 percent by 
weight (calculated on the ‘as received’ basis).”’ 
A method was given for determining the quantity 
of unhydrated oxides. 

Shortly thereafter certain of the manufacturers 
of regularly hydrated dolomitic lime started pro- 
more completely hydrated lime. In 
most instances this has been accomplished by in- 


viene 
ducing a 


stalling autoclaves to hydrate the lime at elevated 
temperatures and pressures. 

The 8-percent limit of the unhydrated oxide in 
hvdrated limes recently has been included in 
specifications of the American Society for Testing 
Materials [4], as well as in those of the American 
Standards Association [5] for the hydrated lime 
to be used in white-coat plaster. 

Nevertheless, a limitation on the percentage 
of unhydrated oxide has been criticized on the 
score that the quantity of unhydrated oxide 
itself may not be a complete indication of the 
inherent expansive characteristics of a hydrated 
lime. Such an objection would be obviated by a 
performance test. Since unsoundness usually does 
not exhibit itself for several years, a feasible per- 
formance test must also be an accelerated one. 

Consequently, the purpose of the present in- 
vestigation was to study more completely the ex- 
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Figure 1. Bulges in white coat along the side of « 
beam, caused by the expansion attending the slow hy 
of free MgO present in the hydrated lime used in p 


the white coat. 


FiGuReE 2. Bulging of white coat on a side wa 


separation of the finish (or white coat from the 


gypsum hase coat within an area of about 1 sq yd 


pansive characteristics of hydrated limes and 
obtain data and information that might b: 
in formulating an accelerated performanc: 
acceptable for a specification for the soundness 
hydrated lime. 


II. Scope 


To procure a fair cross section of the structures 
hydrated limes being produced in the United States 
80 samples representing the different types we! 
obtained from several widely separated lime-pr- 
ducing centers. 

Because there is no satisfactory test procedu! 
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for ascertaining volume-change characteristics of 
hvdrated limes alone, it is necessary to gage them 
with some cementitious material having hydraulic 
properties and then to determine the expansive 
properties of the resultant set mixture. After 
numerous experiments, portland cement was 
chosen as the most suitable gaging material. 

It soon became evident that there were numer- 
ous factors that would have to be considered before 
the technique of testing cement-lime specimens 
could be developed. Among these were: The pro- 
portion of cement to hydrated lime, the prepara- 
tion and curing of the specimens, and the proce- 
dure of autoclaving. 

Since autoclaves and auxiliary apparatus for 
testing the soundness of portland cement [6] are 
already available in numerous testing laboratories 
throughout the United States, attention was di- 
rected toward developing a procedure for testing 
cement-lime specimens that would utilize this 
equipment. 

Cement to lime mixtures proportioned 2:1, 1:1, 
and 1:2, by weight, and also a 1:1:5 cement, lime, 
Studies were made of 
the relation of autoclave expansion values to the 


sand mixture were tested. 


quantities of unhydrated oxides as determined by 
chemical analyses. 

The reproducibility of the test results obtained 
by the use of the technique developed for the tests 
was obtained by comparing the values obtained 
by independent operators. 

Autoclave tests were made of the effect of 17 
different portland expansion 
characteristics of cement-lime mixtures. 


cements on the 


A special apparatus was designed to measure 
the expansion of test specimens during the course 
of autoclaving, which facilitated studies of the 
effect of the rate of heating the autoclave to a 
given final temperature, the final temperature 
itself, and the duration of autoclaving. 

On the basis of the techniques developed and 
the results obtained in this investigation, sugges- 
tions are made for a test procedure for determining 
the autoclave expansion of hydrated lime and the 
limits that appear applicable. 


III. Materials 
1. Hydrated Limes 


~smples of the 80 representative hydrated 
limes, in bag quantities, were received directly 
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from the manufacturers. Upon receipt, the ma- 
terials were stored in airtight containers until 
used, 

The chemical analyses were made in accordance 
with Federal Specification SS-L-351 for Hydrated 
Lime [7, 8], and the percentage of unhydrated 
oxide was calculated in Pro- 
posed Amendment 1 to this specification [8, 8]. 
The data are recorded in table 1, columns 2 to 10, 
inclusive. 


accordance with 


On the basis of the chemical analyses, the 
hydrated limes were classified as high-caleium, 
dolomitic, and magnesian. Those containing less 
than 5 percent of total magnesia arbitrarily were 
classified as high-calcium, series A; those with more 
than 25 percent as dolomitic, series B and C; and 
four limes, having between 5 and 25 percent of 
magnesia, as magnesian, series D. The hydrated 
dolomitic limes were further subdivided into “regu- 
larly hydrated,” series B, where the major portion 
of the magnesia had been left unhydrated, and 
“highly hydrated,” series C, where the major por- 
tion of the magnesia had been hydrated. The 
designation highly hydrated follows the terminolo- 
gv already used in a recent publication [9] and 
seems preferable to such terms as “autoclaved” or 
‘pressure hydrated limes”’, since some of the new 
limes are produced by methods that do not involve 
steam pressures above atmospheric. 

The hydrated limes in each series are arranged 
in table 1 by order of increasing percentage of 
calculated unhydrated oxides. With the exception 
of the highly hydrated limes 67, 68, 71, 74, 75, and 
76, which were experimentally produced, all of 
the hydrated limes were commercially available. 

The subdivision of the hydrated limes into series 
A, B, C, and D and the arrangement in each series 
by order of increasing percentage of unhydrated 
oxides will be maintained in subsequent tables and 
figures. 

No distinction between ‘“‘mason’s”’ and ‘‘finish- 
ing’ hydrated limes is being made in this investi- 
gation, because the kind of unsoundness char- 
acterized by an over-all increase in volume is of 
concern Whether a lime is to be used in a mortar 


or in a plaster.’ 





2 It should be emphasized that this kind of unsoundness is not to be con 
fused with the kind resulting in the formation of small crater-like holes known 
as “pits” or “pops’’, which sometimes occur on plastered surfaces. 
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TABLE 


of linear expansion of cement-lime bars prepared with these limes in the proportion of 2 cement:1 lime; 


Chemical analysis and calculated percentage cf unhydrated oxides for 80 hydrated limes, together with the 


I ceme 


and 1 cement:2 lime, by weight, and subsequently auteclaved al a steam-gage pressure of 295 lb/in2 for 3 hr 
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(The specimens were all prepared with cement 10, which, without the addition of hydrated lime, had a linear expansion of 0.11 percen 


imme 


mber 


Free 
H,O 


Chemical analysis (oxide composition 





Com 
bined Cc 
H,O 
0 
1 
l 
0 
1 
0 
1 
0 
l 
0. 
22. 88 1 
229 0 
2. 2 
22. 20 l 
22. 48 0. 
22. 01 l 
SERIE 
70 0 
18. 21 1 
17. 51 2. 
19.08 0 
18. 21 l 
17.96 0 
17.90 
16. 3 
17. 58 1 
17. 41 1 
16. 68 4 
16.99 1 
17.01 l 
17. a 0 
16. 04 
16. 56 
On 2 
16. 65 0 
6.83 ! 
15. 07 l 
16. 20 l 
16. 2 0 
15.81 I 
15. 91 I 
15, 45 0 
14. 58 } 


ol 


S10 


SERIES 


1.02 


1o 


0.94 


A 


R20 


LARLY HYD 


HIGH-CAL 





Caleu 
lated un 
hydrated 


CaO MeO lotal oxides 
7 s i) 10 
CIUM HYDRATED LIMES 
73. 92 0. 46 90.94 0.0 
72. 82 67 99. 62 0 
73. 97 ‘3 99.91 0 
73. 90 ‘5 99. 8&7 0 
73. 62 x2 99. 82 0 
73.17 wo 0. M4 0 
73. 65 69 100. 00 1 
73. 47 72 100. 13 5 
73. 31 SI 99. 04 8 
73. 22 . 06 99. 90 8 
72.0 1.04 99, 27 1.0 
73. 29 0. 61 WO. 46 1.1 
71.35 1. 82 99. 46 1.1 
71.89 1.19 09. 27 1.2 
72. 78 1. 06 99. 27 1.6 
73. 00 1.41 99. 78 1.7 
71.55 2.41 v9. 04 1.8 
1.18 99. 82 2.2 
1.09 09. 88 2.3 
71. 3.02 O8. 95 3.2 
72.42 1.29 99. 5 9 
RATED DOLOMITIC LIMES 
44.581 31.12 99. 90 16.1 
45.17 41.83 09. 86 22.1 
52. 58 25. 79 09. 88 22.1 
6.14 32.4 WY. OS 22.7 
47. 51 w. 64 99. 47 2» 9 
46.72 33. 08 99, 99 25.9 
47.41 33. 09 99, 82 2%. 2 
46. O8 32. 51 99. 91 2 
47.58 $2. 62 99.74 4 
47.00 33. 30 W904 a 
46,81 $2. 93 99. 73 8 
47. 21 $2. 51 99. 09 97.1 
17.06 3. 24 09. OR 27.4 
417.43 12. OS 09.31 77.7 
417.20 3. 53 09. 78 om 
17.43 13. 07 09. 9 3 
43 $2. OS Ww. 29 mu 
47.76 3. 69 99. 95 w.4 
17.83 4.10 97 w4 
47.79 4.06 99. 99 w. 5 
#8. 45 33. 0 100. 12 0.7 
47.8 4.01 100.00 ws 
47. 3. 6 4@_ &5 ws 
46.78 15. 21 09. 90 2.1 
$8.32 4. 30 09. 04 32.5 
47.70 3. 82 09. 04 2 8 
48. 27 13. 00 99. 62 4.3 


Linear expansion cement-lir 
bars in the proportion 


2C:1L 


. 16 


10.0 12.7 


14.4 


12.0 


13.8 4 


13.5 14.2 


13.6 


“9 10.7 
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entao , Chemical analysis and calculated percentage of unhydrated oxides for 80 hydrated limes, together with the percentage’ 
ar expansion of cement-lime bars prepared with these limes in the proportion of 2 cement:1 lime; 1 cement:1 lime; 


cement:2 lime, by weight, and subsequently autoclaved at a steam-gage pressure of 295 lb/in.? for 3 hr Continued 


he specimens were all prepared with cement 10, which, without the addition of hydrated lime, had a linear expansion of 0.11 percent] 


Linear expansion cement-lime 


Chemical analysis (oxide composition bars in the proportion 


Caleu 
Lime lated un o 
umber Com hydrated 
bey bined co SiO: R20 Cad MgO rotal | “eS | goon L | 1CaAL | 102L 
H,O 
2 3 4 6 7 8 om) 10 11 12 13 
SERIES C—HIGHLY HYDRATED DOLOMITIC LIMES 
‘ F r F or o; ‘ ‘ ‘ é 
44 0.04 25. 41 1.44 1. 0. 52 41.87 45 99. 79 1.4 0.18 0. 25 0.85 
” 21 25. 28 1.72 0. 24 1s 2.58 20.75 8. 96 2.2 21 0 
l lf 25. 52 1.32 3 5 43.01 20. 65 100. 24 2.3 26 42 31 
2 oOo 25. 41 1.33 2H 36 2.47 29 88 v.71 2.3 21 31 1.3 
5l 24. 56 1. 87 1M ft) 41.83 29.09 wy. 92 2.6 2H 1.1 5.8 
“4 O4 25.31 1M 0.18 Is 42. 59 10. O08 09.94 26 22 0.36 22 
; 16 25. 15 1.36 a» » 42.70 20. 57 99. 34 2.7 2 is 1.9 
‘ 14 25, 22 oO 1. 66 % 41.99 ” 71 100.04 29 21 mn” 1.9 
7 on 25.14 1.75 0 26 10 42. 6S 30. 04 100. 06 29 25 7 2.1 
i 02 24.77 1.16 1.08 70 12.06 29.22 99. 92 Lo 25 3 1.4 
9 17 24.47 2.79 0. 18 .14 42.49 20.75 4 OG 0 24 6 20 
oo 17 24. 87 1.12 1.8 62 41.95 20. OS wy. 44 3.2 24 ” 2.5 
"il Zz 24.58 1.08 0.18 16 291 20.14 09.18 2 22 tI 0.05 
62 2 4.37 200 1.45 .fi2 42.10 2. 46 100. 25 4 2 4“) 3 
“3 17 25. 18 0.37 1.82 44 2.12 mY. 82 Ww. 92 4 22 ith 
4 ow 25. 67 tS 0.14 os 3. 22 v.17 99.75 5 24 ™) 3.6 
th. 19 23.04 $12 16 a 42 78 2.09 99, 20 0 22 1 0.65 
Pa on 24.82 0. 87 02 19 $3.41 tw). 24 09. 6 5.1 4 i.2 5.6 
7 16 23. 59 2.30 12s 48 42.37 20. 58 09. 76 52 11 26 9.0 
Os 14 22. 40 i. Sl 1.4 4 42.13 20. 43 oo. 69 6.6 ts 24 4 
69 09 22.72 $40 0.22 16 42.89 0. 93 09. 41 6s 73 1 a9 
70 » 23.35 1.18 2.18 SY 42.80 29.43 100. 12 4.9 A 7.1 11.2 
71 o7 2? 41 $75 0.14 vw 3.02 wis WO S87 7.5 “4 5.2 
72 13 23.83 1.06 » i2 43.73 +0. 58 09. 05 rs] 3 s 
rs oo 23. 58 0.91 14 26 44.15 v.84 09. 97 9.0 82 6 u 
“74 0 2 2.8 4.48 76 41.06 2. 40 oo. 11.¢ 1s >& a8 
“776 2s 20. ¢ 2.4 ‘44 ‘2 42.30 my. G1 wy. 04 1.7 2 s 
l 20. US $ oO. 28 a2 4.08 0). 97 09. 96 s2.¢ 1.7 oe &.2 
SERIES D—-MAGNESIAN HYDRATED LIMES 
j j j l 
ry | 0. 38 21.67 | 0.67 > 2 0.82 67.78 6. 24 Wo 82 | 4 0.19 0.30 Lo 
| 7s ) 21.92 a6 0.76 7s 62.96 11.88 09. 65 7.2 22 3 1.1 
“To ” 17.@ 19 2.47 13 4. 61 6. 25 100. 00 8 2» 4 i‘ 
ant) 2 19.79 1.10 » 4 1. 30 7.13 16.88 09. 36 12.7 28 0 os 
to meet the requirement of Federal Specification SS-L-351 that the tot al CaO plus MgO shall be not less than 95%, calculated on nonvolatile basts 
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2. Cements 


Seventeen brands of portland cement were used 
in the investigation. The cements conformed to 
Federal Specification SS-C-192, Type 1 [10]. 

The autoclave expansions of the cements alone 
were determined in accordance with a test that 
had been adopted as standard [6] and are listed 
in table 2. 


TABLE 2. 


specimens of portland cement for deter mination of soundness 


Autoclave expansion of 1- by 1- by 10-in, neat 


of portland cement ! 


[ 
| 
} Cement Linear ex 


Cement Linear ex Cement Linear ex 


jnumber pansion number pansion number pansion 
€ Cc 
O00 7 oO. 13 0. 18 
2 ol s 07 M4 19 
o2 4" ll 15 23 
4 0 th Il 16 27 
4 11 11 17 0 
6 o4 12 17 


' Standard method of test for autoclave expansion of portland cement 
ASTM Designation: C151-43, ASTM Standards, part II, 14 (1946); also 
American Association State Highway Officials Standard AASHO No 
ri7—45; as well as Federal Specification SS8-C-158b-46 for Cement, Hy 
dranlie: General Specifications (methods for sampling, inspection, and test 


in {ft 


3. Sand 


The sand used in the preliminary tests on 
cement-lime-sand mortars was natural silica sand 
from Ottawa, Ill, graded to pass a No. 20 sieve 
30 sieve It conformed 
SS-—C 


and be retained on a No. 
to Federal Specification 158b, paragraph 


F-51 {11}. 


IV. Preparation and Curing of Test 
Specimens 


All mixtures were prepared and all tests were 
performed in a laboratory in which the tempera- 
»C (70° +2° F), 
and the relative humidity at 55 4 The 
atmosphere of the moist closet was maintained at 


ture was maintained at 21° +1 
5 percent. 


the same temperature as the laboratory and at a 
relative humidity of 95 +3 percent. 

The cement-lime test specimens, in the several 
series of tests, were proportioned by dry weight, 
namely, 300 g of cement to 300 g of lime, 200 g¢ of 
cement to 400 g of lime, and 500 g of cement to 
250 g of lime; hereafter designated as 1C:1L, 
1C:2L, and 2C:1L, respectively. <A limited num- 
ber of mortar specimens was proportioned by dry 


184 


weight in the ratio of 150 g of cement to 150 ¢ o 
lime to 750 g of sand; hereafter designated a. 


1C:1L:5S. These quantities in each ea wer 
sufficient for the preparation of two test spe: 

To prepare cement-lime bars suitable f 
claving, it was found necessary to modify th 


mens 


auto- 


method used for making portland cement bars as 
given in Federal Specification SS-C—-158b 

In the preparation of the cement-lime bars, thy, 
weighed amounts of cement and lime were shake 
vigorously in a 2-qt jar until the mixture appeare 
uniform. 
nonabsorbent, noncorrosive plate and trowelled 


The dry mix was spread on a smoot) 


until visible agglomerates of lime were dispersed 
Then, after collection of the material into a trun- 
cated cone, an inner and outer crater were formed 
in the dry mix with the end of the handle of 4 
trowel. 

For the remainder of the operation, the hands 
were protected with rubber gloves. During a 
interval of 2 min, (1) a measured quantity of clean 
water (temperature 21° +1.7° C) was added; (2 
the dry material was folded over the exposed sur- 
face of the water; and (3) the dry material was cut 
The mix 


was worked by kneading, squeezing, and pounding 


into the water with the edge of a trowel. 
for an additional period of 3 min. The mass was 
then allowed to stand undisturbed for 1 min an 
finally vigorously reworked for 1 min. 

The above procedure was found necessary he- 
cause of the difficulty in wetting cement-lim 
mixes and the tendency on the part of the operator 
to add excessive quantities of mixing water to 
most cement-lime mixes. By following these mod- 
ifications, many mixes that at first appeared too 
dry eventually acquired the desired consistency b) 
the vigorous working. The advantages of this 
procedure were twofold: (1) The quantity of mi- 
ing water could be reduced, and consequently tl 
breakage of the bars resulting from shrinkage dur- 
ing curing was almost wholly eliminated, and (2 
the quantity of water required by different limes 
of the same type was, with few exceptions, reduced 
to a narrow range. 

Following completion of mixing, the Vieat pene- 
tration was determined according to the procedur 
given in Federal Specification SS-C—158b {6}, par- 
agraph F-47. Although the procedure for testing 
portland cement requires a Vicat penetration 0! 
10 +1 mm, it was found that this range was too 
narrow for cement-lime specimens for easy repr- 
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dueibility. Since it was found that small differ- 
epees in consistency did not materially affect the 
expansion of the cement-lime specimens, the range 
was extended to 10 +5 mm. In a few instances 
specimens were used even though the penetrations 
were not within this range, generally because there 
was insufficient material to prepare additional 
sper mens. 

Immediately after the determination of the 
Vieat penetration, the entire supply of putty was 
remixed for approximately 15 see. The remixed 
cement-lime putty was then molded into autoclave 
bar molds according to the procedure given in 
s8-C-158b, paragraph F-61. The bar molds pro- 
vided for test specimens having a cross section 1 
in. by | in. and of 10-in. effective gage length, 
ss-C158b, paragraph F—43 [6]. 

Immediately after molding each specimen, its 
exposed surface was covered with a strip of waxed 
paper pressed down on the mold. This waxed 
paper reduced surface evaporation and minimized 
the breakage, during curing, caused by shrinkage 
cracks. The test specimens were stored in the 
molds ina moist closet for at least 20 hrs, following 
the requirements of SS-C-158b, paragraph F-62. 

The cement-lime-sand mortars were prepared 
in accordance with Federal Specification SS-C 
ISIb [12], considering the mixture of cement 
and lime as masonry cement. The consistency of 
all mortars was adjusted to a flow of 110 +2. 
The casting of the mortar into autoclave bar molds 
and subsequent treatment were similar to that of 
the cement-lime putties. 

At 23 +1 hr after molding the specimens, they 
were removed from the moist closet, measured for 
length, and placed in the autoclaves at room 
temperature. The autoclaves were immediately 
closed, and heat was applied. 

After autoclaving, the specimens for the most 
part were submerged in water and cooled to 21° C 
before measuring the length, as required in the 
procedure of autoclaving as given in Federal Speci- 
fication SS-C-158b, paragraph F-63f [6]. It 
was found necessary, however, to cool those speci- 
mens that exhibited very high expansions (10% 
ormore) in air to 21° C, because when cooled in 
water the greatly expanded specimens were apt 


to disintegrate. 

For expansions under 2.5 percent, the com- 
parator deseribed in paragraph F-45 of SS-C 
loSb (6) was used. For higher expansions, 
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methods giving values to within a hundredth of 
an inch were used. 


V. Autoclaves and Methods of 
Autoclaving 


Four autoclaves were used in this investigation 
one, horizontal, gas-fired; and three, vertical, elec- 
trically heated. One of the latter was equipped 
with a special device for the continuous observa- 
tion of the expanding bar specimens. 


1. Horizontal Gas-Fired Autoclave 


The detailed description of the horizontal, gas- 
fired autoclave will be omitted because it was not 
used in this investigation after it was found that 
the expansions obtained with it were somewhat 
erratic and did not agree well with the concordant 
results obtained with the three vertical autoclaves 
that were electrically heated. 

It was found, for example, that the cement-lime 
specimens placed in the upper part of the chamber 
of the gas-fired autoclave expanded more than 
companion specimens placed in the lower part. 
It is believed that the reason for this is the tend- 
ency for the steam to become superheated in the 
upper portion of a horizontal autoclave that is gas- 
fired. 


2. Vertical, Electrically Heated Autoclaves 


The three electrically heated autoclaves were of 
such a design that they met the requirements of 
Federal Specification SS-C-—158b [6] for an auto- 
clave to be used in the testing of portland cement. 
Since preliminary experiments showed that the 
rate of heating cement-lime specimens markedly 
affected the resultant expansion of the bars, the 
rate of heating each autoclave to 295 lb/in.? was 
determined. It can be seen from figure 3 that 
with each autoclave the pressure of the saturated 
steam in the autoclave was raised to a gage pressure 
of 295 Ib/in. in 1 to 14 hr, as required by the 
standard method for testing cement [6]. 

Autoclaves designated as 1 and 2 were used in the 
preliminary experiments wherein the cement-lime 
and cement-lime-sand specimens were autoclaved 
at gage pressures of 25, 120, and 295 Ib/in.’ and 
also in the bulk of the work where the auto- 
claving was done in accordance with the standard 
method for portland cement specimens (295 
Ib/in.*). 
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Figure 3. Time-temperature curves of heating autoclaves to 216° C (equivalent to steam-gage pressure of 295 th/in2 


The method of autoclaving at 295 Ib/in.? was 
used in accordance with ASTM and Federal 
Specifications for testing portland cement. When 
the autoclaving was done at 25 and 120 Ib/in.’, 
the heating schedule of the standard autoclaves 1 
and 2 (fig. 3) was followed to the required pressure, 
after which the temperature, was 
maintained by manual control. 


pressure, or 


3. Special Autoclave for Continuous Observation 
of Expansion * 


Figure 4 shows the apparatus that permitted 
coutinuous observation of the expansion of a bar 
(cement or cement-lime specimens) during the 
course of autoclaving. Figure 5 is a schematic 
drawing of the specially equipped, electrically 
heated autoclave illustrated in figure 4. The 
device consisted of a high-pressure gage-glass 
chamber, A, mounted on top of autoclave 3 by 
means of a short leagth of threaded high-pressure 
pipe screwed into a threaded hole tapped through 
the cover plate of the autoclave. A free-moving 
square steel rod, B, extended from the inside of 
the autoclave through the connecting pipe into the 
The top of the rod was 
pointed in order to serve as a reference. The 
lower end, which extended through the connecting 


gage-glass chamber. 


‘Special acknowledgment is due Emil Trattner for his graciousness in 
consenting to the description of his ingeneously designed autoclave, which 
permitted, for the first time, the observation of a test specimen during the 


course of autoclaving 
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pipe into the autoclave chamber, was provided 
with a steel disk, K, that rested on the top of the 
test specimen, H, which was held vertically in : 
rack, R, placed in the chamber of the autoclay 
With this arrangement, an expanding test ba: 
caused the steel rod to rise in the gage-glass 
chamber, and the movement could be observed 
by sighting through the parallel glass windows o/ 
the chamber. By having the rod square, passay 
of steam and condensed water in and out of tl 
gage-glass chamber was assured. A small stee! 
spring, I, was attached to one side of the steel ro 
to prevent the rod from falling out of the gage- 
glass chamber while the cover plate was being 
placed and removed. 

It was found that bars that were being contiv- 
uously wetted during autoclaving gave erral 
and unusually large expansions. Therefore, it was 
necessary to divert condensed dripping wate! 
away from the test specimen located direct! 
below the gage-glass chamber, and hence a coppe! 
flashing, J, (fig. 5) was attached to the movabi 
square steel rod directly above the steel disk tha! 
rested on the top of the specimen. As a check o! 
the performance of the test bar carrying ti 
movable steel rod, a duplicate bar was always 
placed in the same autoclave away from the drp- 
ping condensed water; after autoclaving, both bar 
were measured with a comparator. 

In operation, the test bar was placed in a rae 
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Assembly of specially equipped autoclave for 
continuous observation of ex panding bar-specime ns during 
loclaving. 


\, Gage-glass chamber mounted on top of autoclave; B, movable square steel 
xtending from top of specimen into the gage-glass chamber; C, vent 
1), cathetometer for measuring movement of movable steel rod; E, 


e base for cathetometer; F, variac; G, voltmeter 


iin the autoclave, and the cover plate with the 
lattached gage-glass chamber, together with the 
linserted steel rod held in place by the restricting 
ispring, was lowered into place in such a mannet 
that the steel disk at the lower end of the rod 
icame to rest on the flat top of the test bar. The 
cover plate was then bolted down and the vent 
valve, C, was opened. 

The position of the point of the free-moving 
sicel rod was located by means of the cathetom- 
peter, D, (fig. 4), which was firmly mounted on a 
tone base, E. 

The heaters were then turned on, and the water 
an the bottom of the autoclave was brought to 


boiling. After the air had been displaced by 
team, the vent valve, C, was closed. The auto- 
lave was heated to a final pressure of 295 |b/in.’, 
i ch pressure the thermometer reading was 
Bi6° CC. The rate of heating was controlled 


ference point that normally would be present at the top of the 


measurement with a comparator, had been removed during 
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Details of gage -glass chamber and movable steel 
od. 





Figure 5, 


A, Gage-glass chamber; B, movable square steel rod; C, vent valve; H, bar 


specimen; 1, spring for holding movable square steel rod in place whilk 
assembling apparatus; J, copper flashing attached to movable steel rod to 
divert condensing water running down rod away from specimen H; K, ste« 
disk attached to lower end of movable steel rod and resting on top of spec 


men; RK, rack for holding specimen upright 


manually by means of the several heating units 
of the autoclave. A variac, F, connected through 
a voltmeter, G, added flexibility to the control. 
Readings of the position of the rising steel rod 
were obtained easily until the vent was closed 
Immediately thereafter, readings could not be 
taken with the cathetometer because of the con- 
densation of drops of water on the inside of the 


This 


glass windows of the gage-glass chamber. 
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condition lasted for about 1 or 2 min. However, VI. Results and Discussion 
since the gage-glass chamber acted as a condenser, ila ; 
the interior soon became completely filled with 1. Preliminary Experiments 
water.” From then on, the point of the steel rod Table 3 gives data on some preliminary 
was clearly visible. ments on the expansion of cement-li 
The shortest time within which the gage pressure cement-lime-standard sand specimens th 
could be raised to 295 lb/in was about 97 min., autoclaved at steam-gage pressures of 
compared to the 70 min. required to heat the same and 295 I|b/in.’, respectively. It can be se 
autoclave without the gage-glass chamber. This without exception, increasing the press 
97 min. is beyend the upper limit of 1‘, hr specified autoclaving from 25 to 120 to 295 Ib/i: 
in SS-C-158b [6]. The increase in time was attended by an increase in the percentag: 
caused by the greater heat input required by the linear expansion. 
condensing and refluxing of the water in the gage- Also, increasing the proportion of liny 
glass chamber and by the greater heat capacity of cement from 2C:1L to 1C:1L invariably 
the specially equipped autoclave. The normal sulted in a marked increase in expansion at ea 
heating schedule of specially equipped autoclave pressure of autoclaving. Increasing the propo 
3 is shown in figure 3 tion of lime in the cement-lime specimens resu! 
Throughout the entire course of autoclaving, in a decrease in the strength of the specimen a 
readings were taken of the position of the point of therefore a decrease in the ability of the sp 
the moving steel rod with the cathetometer, of the men to resist expansive forces. It is believe 
pressure with the steam gage, and of the temper- that an increase in expansion attending a decreas 
ature with a thermometer inserted into a thermom- in the strength accounts for the relatively hig 
eter well in the cover plate. expansion values of the 1C:1L:5S group. | 
The design of the apparatus was such that fact, the weakness of the sanded bars and 1) 
thermal expansions were included in the measure- difficulty of their preparation and handling « 
ments. The thermal expansions of concern were couraged further work with sanded specimens 
those of the free-moving steel rod, the test bar, and In addition, the possibility of a variable be: 
the part of the autoclave below the lower end of the introduced because of a probable  pozzola 
test bar. This combined thermal expansion was reaction between the lime and sand during : 
determined by inserting a test specimen that had claving further operated against their us 
previously been autoclaved at a gage pressure of Figure 6 shows the increase in expansion 
295 lb/in.’, setting up the equipment as in a normal! re ; = a“ 
test procedure, and heating to 295 Ib/in.. The is ai —— 


movement of the point of the steel rod was gy 7 a 


observed and taken as the thermal expansion of 


— 


the combined parts. The previously autoclaved 
test bar used in this experiment was measured 
with a comparator before and after autoclaving 
and was found to have shown no subsequent 
expansion. These results were checked by replac- 


ing the cement-lime test bar with a steel bar of 








equal length and of known coefficient of expansion. 


The magnitude of the thermal expansion compared 








with the observed total expansion of the test 


; 


specimens will be discussed later. 


i IGURE 6 Increase i” er pansior of cemen 
lo compensate for water condensed in the gage-glass chamber, 500 ml of 1 i f toclavir t ga 
7 ’ ” 0 autoctarin a gaq 
water, rather than the usual 500 ml, was placed in this special autoclave at the atten ng increase tn come . ' g oe 
turt ot 2a lb im. 
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Expansion of cement-lime 


and cement-lime-standard sand bars autoclaved at steam-gage pressures of 25, 120, and 


295 lb/in? for 3 hr, respectively 


Cement 10 was used throughout} 


nhydra Mixing 
d oxides water 


GROUP 


GROUP 2 


GROUP 


hydrated dolomitic 


hydrated dolomitic lime 


tending an increase in the time of autoclaving 
specimens containing hydrated limes (26 and 38) 
at a pressure of 25 lb/in®. The expansion curves 
udicate that the ultimate expansion had not been 
reached after 7 hr of autoclaving. The investi- 
of the effect of time of autoclaving at a 

of 25 |b/in? 


because even that is too long for a contin- 


was not extended beyond 


hr 
iboratory test procedure, 
eame evident from these preliminary ex- 
nts that the pressure of autoclaving is an 
important factor with respect to the magnitude 
le expansion. It is also evident that at lower 
s the total expansion is not reached within 


pre ss 
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PROPORTION OF CEMENT:LIME 


-ORTION OF CEMENT:LIME 


Linear expansion after autoclaving 
pressures of 


Flow 


penetration 


120 Ib/in.? 


SY WEIGHT 


"ROPORTION OF CEMENT:LIME—tl, BY WEIGHT 


BY WEIGHT 


a practicable time. It was found, however, that 
cement-lime bars as well as portland-cement bars 
underwent no further expansion at 295 |b/in’ 
when autoclaved for periods in excess of 3 hr. It 
was decided, therefore, to abandon further work 
with lower pressures and to limit all further ex- 
periments to autoclaving for 3 hr at a pressure of 
295 |b/in ? 


2. Effect of Increasing Proportion of Hydrated 
Lime on Expansion of Cement-Lime Bars 


Table 1 (cols. 11, 12, and 13) gives data on the 
expansion of cement-lime bars prepared in the 
proportions of 2C:1L, 1C:1L, and 1C:2L, 
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by weight, respectively, and autoclaved for 3 hr 
at a gage pressure of 295 Ib/in ?. 

The values for the percentage of expansion re- 
corded in columns 11 and 13 are averages obtained 
by single operators from duplicate specimens. 
Forty-three of the values in column 12 represent 
the averages for duplicate determinations of three 
the the 
average of duplicate determinations by a single 


independent operators; remainder are 
operator 


Figures 7, 8, and 9 show the respective eX- 
pansions of the 2C:1L, 1C:1L, and 1C:2L bars 
cols. 11, 12, 
the percentages of unhydrated oxides (col. 10 of 
table 1 
the bars 
table 1, 


From the figures it can be seen that the limes 


and 13 of table 1), plotted against 


in the hydrated lime used in preparing 
Several salient features are evident from 

and figures 7, 8, and 9 

are distributed into two major groups. One is 

composed entirely of the regularly hydrated dolo- 








taining those limes having the highest px 


eNlage 
of unhydrated oxides and the highest pe: centyg, 
of expansion. The other group is composed of 


the remaining limes (series A, C, and D 
The high-calcium limes (series A) are choracter. 


ized in general by having the lowest percentages 
of unhydrated oxides (0 to 3.9 percent) and thy 
lowest percentages of expansion. This can bes) 


be observed from table 1. 

Most of the highly hydrated dolomitic lines 
(series C) have percentages of unhydrated oxides 
(1.4 to 4.0 percent) and, with one exception, ey 
pansions that are comparable to those of the hig! 


calcium limes. These are limes 49 to 65, inely- 


sive, and are all commercially available limes 
The others (limes 66 to 76, incl.) have percentages 
of unhydrated oxides (5.1 to 12.6) and expansions 
that are greater than those of the high-caleiu 
limes. 
76, which were experimentally produced 


Among these limes are 67, 68, 71, 75 
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| S Linear expansion of cement-lime bars prepared with hydrated limes containing various amounts of unhydrated 
n the proportion of 1 cement to 1 lime by weight and subsequently autoclaved for 3 hr ata gage pressure of 
nm 
he specime were all prepared with cement 10, which, without the addition of hydrated lime, had a linear expansion of 0.11 percent 
que behavior in that each magnesian lime limes. It also reveals that the expansions of the 


a lower percentage of expansion than other 
mes with a comparable percentage of unhydrated 
xides 
From table 1 it can be seen that, for the limes of 
ach series, an increase in the proportion of lime 
the cement-lime bars is, without exception, 
This rela- 


where the per- 


ttended by an increase in expansion. 
10, 
ges of linear expansion of the 2C:1L, 1C:1L, 


s also shown in figure 


C:2L bars are plotted consecutively. 


Figure 10 shows, again, that as a group the 
calcium limes give the lowest expansions in 
the three cement-lime proportions, and that a 


tv of the highly hydrated dolomitic limes 
2 xpansions comparable to the high-caleium 


arch Expansive Characteristics of Limes 


remaining 1! highly hydrated dolomitic limes, 
include the six experimental 


of the high-caleium 


which limes, are 


intermediate between thos 
and the regularly hydrated dolomitic limes. 


in the 2C:1L proportion, the expansions 


How- 
ever, 
of the high-caleium and all of the highly hydrated 

with 
As the 
proportion of the lime in the bar increases from 
2C :1L IC:1L, the in expansion is 
greatly accentuated for those highly hydrated 
dolomitic limes having expansions beyond the 
The spread in 


dolomitic limes fall within a narrow range 


only one exception, under 1.0 pereent. 


to spread 


range of the high-calcium limes. 
expansion is even more accentuated in the 1C:2L 


bars. 
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Ficure 9. 


oxides in the proportion of 1 cement to 2 lime (by weight 


295 thin 


Phe specimens were 


In figures 7, 8, and 9 the expansions of the 
2C:1L, 1C:1L, and 1C:2L bars were plotted in 
each case against the calculated percentage of 
unhydrated oxide in the constituent lime. How- 
ever, the percentages of unhydrated oxide in the 
2C:1L, 1C:1L, and 1C:2L mixes are respectively 
one-third, one-half, and two-thirds of that of the 
percentage of unhydrated oxide in the lime. 
Accordingly, figure 11 shows the relation between 
the percentages of expansion of 2C:1L, 1C:1L, 
and 1C:2L bars and the corresponding percentage 
of unhydrated oxide in the dry mix. 

Once more, it can be seen from figure 11, where 
the percentages of expansion of the 2C:1L, 1C:1L, 
and 1C:2L bars are plotted side by side, that 
an increase in the proportion of lime in the bars is 
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Linear expansion of cement-lime bars prepared with hydrated limes containing various amounts of un 


ill prepared with cement 10, which, without the addition of hydrated lime, 


and subsequently autoclaved for 3 hr at a gage press 
had a linear expansion of 0.11 percent 


accompanied by an increase in expansion. Bul 
more important, the three graphs making up figure 
11 show that the percentage of unhydrated oxide 
in the mix must be low if there is to be assurance 
that the expansion will also be low. It is als 
evident that the limiting percentage is not the 

This 


percentage apparently narrows as the quantity o! 


sume for each proportion of cement to lime 


cement decreases and the bars corresponding!) 
become weaker and are less able to resist the 
expansive forces attending the hydration of th 
unhydrated oxide. For example, with the 2C:1L 
bars, the total unhydrated oxide may be as hig! 
as 4 percent and yet the expansion of the bar 
remain below 1 percent. With the weaker !1C:IL 
bars, the percentage of unhydrated oxide tha! 
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claved for 3 hr at a gage pressure of 295 lb/in? 


can be tolerated appears to be less, because at 4 3. Reproducibility of Determining Percentage of 


By percent the expansion may exceed 6 percent. Expansion of 1 Cement:1 Lime Test Specimens 
With the still weaker 1C:2L bars, the expansion 

gure : 3 ; ; Table 4 gives data on the percentage of linear 
of the bars with 4 percent of unhydrated oxide , . . 

ice : expansion obtained by three operators with dupli- 


may reach values in the neighborhood of 10 
percent. In facet, even with little or no unhy- 
drated oxide, the bars of the 1C:2L series show 


the autoclaved at a steam-gage pressure of 295 |b/in.’ 
expansions considerably greater than those of the 


cate cement-lime bars prepared in the proportion 
of 1 part cement to 1 part lime, by weight, and 


for 3 hr. In addition, it gives for each operator 
, Bother two mixes. It is not known whether this ; "die 
v0 the percentage of water used in fabricating the 
can be attributed in part to the cement itself - . 
; of , duplicate bars and the Vieat penetration of the 
ecause of the inability of these weak bars to . . , 
, . ' cement-lime pastes. Forty-three samples of hy- 
presist the expansion of some of the constituents of f 
the wie , drated limes were selected for this study. In cer- 
a] the cement. It is interesting that the unique 


magnesian limes, which show less expansion than 
other limes with comparable percentage of unhy- 


tain instances only one of an operator’s duplicate 


“| 
hig! bars was autoclaved. 


bars . 
- drated oxide, begin to show appreciable expan- Although the dates at which the tests were per- 
r _ fesion in the 1C:2L bars. formed are not given in table 4, the experiments 
te 
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percentage of unhydre 


The 
time period between the testing by operators B 
and C was approximately | month. Operator A 
did most of his testing about 1 year later. 

It can be seen from table 4 that not only did 


purposely were not made at the same time. 


the percentages of expansion of the two duplicate 
bars of each operator agree closely, but that the 
percentages of expansion obtained by the three 
different operators were in good agreement. 
For the purpose of a statistical treatment, the 
various hydrated limes were divided into five 
nearly homogeneous groups. These include series 
A, B, regularly hydrated 
dolomitic; series D, magnesian; and two subdi- 


high-calcium; series 


vided groups of series C, highly hydrated dolo- 
mitie. One of these groups of series C included 
the highly hydrated dolomitie limes having per- 
centages of both unhydrated oxide and expan- 
sion of the same order of magnitude as those of 
the high-caleium limes, namely, limes 49, 54, 56, 
57, 59, G1, 


57, and 65, all of which had expansions of 
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less than 0.40 percent. The other group conta 
the limes in series C having the high expansio 
A s 


classification analysis of variance [13] was mad 


those ranging from 1.1 to 5.6 percent. g 
each group to test whether there was a sig! 
cant difference among the averages obtained 

the No. significant differ 

was found.® 


three operators. 


4. Effect of Different Portland Cements on Expa: 
sion of Cement-Lime Bars 


Table 5 gives data on the expansion of cem 
lime bars prepared with 17 cements (rangi 
Th 


selected limes are grouped, as heretofore, in ! 


> 


expansion from 0.00 to 0.30 percent). 


series, 
The values for the percentage of expansio 
the 17 (tested | 


cements in accordance wit 


* The 
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Reproducibility obtained, by three independent operators, for the expansion of cement-lime bars prepared in the 


fion of I cement:1 lime by we ight 


and autoclaved at a steam-gage pressure of 295 lb/sq in.* for 3 hr. The specimens 


all prepared with cement 10, which, without the addition of hydrated lime, had a linear expansion of 0.11 percent 


Aver 
we of 
linear 
expan- 
sion 
values 


Consistency (water, percent; and Vicat penetra- 
tion, mm) of cement-lime pastes as obtained by 
operator 


Caleu 
Lime lated 
nun unhy 
her drated 

oxides 


Linear expansion of duplicate cement-lime bars as 
obtained by operator 
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Effect of varying the cement on the expansion of cement-lime bars prepared in the proportion of 1 cer 


TABLE 5. 
by weight), and autoclaved at a steam-gage pressure of 295 Ib/in.2 for 3 hr 


[The expansions of the 17 cements without the addition of limes ranged from 0.0 to 0.30 percent and are shown in brackets. The percentage of expa 
ifter subtracting the percentage of expansion of the cement from the percentage of expansion of the cement-lime bar is given in parenthe 


Linear expansion of cement-lime bars prepared with cements | to 17, inclusive 
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ber oxides l 4 } ‘ § 6 7 8 iF) 10 11 
[0.00] [0.02 0.04 fo.04 fo. 10.07 [O.11 [0.11] fO.11 


SERIES A-—-HIGH-CALCIUM HYDRATED LIMES 


SERIES B GULARLY HYDRATED DOLOMITIC LIMES 


Journal of Research 





arch 


Ex 


Effect of varying the cement on the expansion of cement-lime bars pre pared in the proportion of 1 cement:1 lime 


by weight), and autoclaved at a steam-gage pressure of 295 lb/in.2 fer 3 hr 


Continu 


ys of the 17 cements without the addition of limes ranged from 0.0 to 0.30 percent and are shown in brackets. 
after subtracting the percentage of expansion of the cement from the percentage of expansion of the cement-lime bar is given in parenthesis] 


Linear expansion of cement-lime bars prepared with cements 1 to 17, inclusive 


4 5 6 7 8 9 10 11 12 13 4 
[0.01] [0.02] [0.04] [0.04] [0.06] [0.07] [0.11] [0.11] {0.11 [0.17] [0.18 [0.19 
SERIES C—HIGHLY HYDRATED DOLOMITIC LIMES 
{0.2 
| 4 
0.31 0. 42 1.4 2.9 1.6 
2 ‘ 1.3 27 14 
{0.21 { 17 0. AT 0.40 
(C17 2 ’ 21 
fo. 20 0.3 0.8 
l 22 “7 
0. 23 37 
17 aa 
f »” ‘) oF 7 
LC 18 » 
(). 22 0.21 0.36 
21 (17 25 
0.19 s2 
13 21 
{0.16 0.32 0. 32 
{(.14 21 
2.4 8 1.3 3.2 2.3 D4 
2.4 s 1.2 l 2.2 2. 
1.7 3 
.¢ 2 
0 
9 
SERIES D—MAGNESIAN HYDRATED LIMES 


fo. 21 0.33 0 

| 19 22) 44 

0. 24 0.31 0.40 0. 44 
22 (.2 0 7 

0. 42 0.45 0. 69 0. 6S 
44 {7 ‘ 0) 


sive Characteristics of Limes 


ed 


The percentage of expansion 


! 16 17 
[0.23 [0.27 fa 0] 
0. Al 
4 
2.4 
0. 46 0. 69 
23 12 
0. 40 
7 
0). 57 
- 
0. 62 
3 
o.7 
Ul 
o47 
17) 
0. 36 ( 
] 4 
9 
» 4 
6.1 
(5.8 
41 
La 
oY 
(. 72 
0. 5S 
™ 
0.90 
rh 


197 





standard method of test for autoclave expansion 
of portland cement [6]) are given in brackets 
below the numerical listings of the 
cements. The values for the percentage of ex- 
pansion of the cement-lime bars are listed in each 
column. In addition, the percentage of expansion 
obtained after subtracting the percentage of ex- 
pansion of the cements from the percentage of 
expansion of the cement-lime bars is given in 


direct ly 


parentheses. 

The data are insufficient for the application of 
Nevertheless, several perti- 
Inspection of 


statistical analysis. 
nent observations may be made. 
the expansion values of the cement-lime bars of a 
particular lime reveals that as the expansion value 
of the constituent cements increases there is a 
value of the 


definite trend for the expansion 


cement-lime bars to increase also. This indicates 
that the expansion of the cement used is a factor 
of moment, and that it is necessary to apply a 
correction for the expansion contributed by the 
cement. By the method of trial and error, it can 
be shown that arbitrarily subtracting the expan- 
sion of the neat cement from the total expansion 
of the cement-lime bar gives the most uniform 
results for the ‘net’ expansion of a lime. Net 
expansion values obtained in this manner are 
Even the net 
expansion values for a particular lime, however, 


shown in parentheses in table 5. 


tend to increase somewhat as the expansion values 
of the cements increase. For purposes of a test 
procedure, the variation in net expansion values 
could be further reduced by eliminating the use of 
cements of very low or high expansion. For ex- 
ample, good agreement of net expansion values is 
shown in most instances when the expansion values 
of the neat cements range between 0.05 and 0.15 
percent, 

It is realized that 
based on limited data and that it would have been 
desirable to have determined the expansion values 
of all the limes with all the cements. Unfortu- 
nately, this phase of the investigation was the last 


the above conclusions are 


undertaken, and a more complete study was no 
longer possible because of the limited quantity of 


materials remaining. 


5. Behavior of Cement-Lime Specimens During 
Course of Autoclaving ' 


(a) Expansion of Specimens During Normal Heating © chedyie 
of Special Autoclave 


Figure 12 shows the normal heating schedule of 
the specially equipped autoclave; the theriial ey. 
pansion of the parts of the autoclave, including 
the thermal expansion of the bar; and the expan. 
sion of bars prepared with three regularly hydrate: 
dolomitic limes, three highly hydrated dolomi 
limes, and one neat portland cement. The therm, 
expansion reached 0.4 percent at 216° C (steam. 
gage pressure of 295 Ib/in.*). Subtracting thy 
value from that recorded for portland cemen 
at 216° C, or 0.6 percent, gives the value of (2 
percent for the expansion of the neat portland. 
cement bar as compared with 0.11 as determined \: 
accordance with the standard method of test { 
autoclave expansion of portland cement. || 
believed that this slight difference in determining 
percentage of expansion of the cement can in p» 
be ascribed to the method used in determining t\y 
percentage of thermal expansion. However, inv: 
much as the thermal expansion is insignifica: 
when compared to the expansions of bars prepar 
with hydrated limes containing appreciable qua: 
tities of unhydrated oxide, no further studi 
were made to determine whether the thermal : 
pansion could be ascertained more accurately 

The curves representing the expansion of 
neat portland-cement bar and the cement-li 
bars shown in figure 12 involve not only the t! 
mal expansion but also the expansion accompa! 
ing the hydration of the constituents of the te 


To obtain the expansion other t! 


specimens. 
thermal, one should therefore subtract the p 
centage of thermal expansion at any speci! 
time from the total percentage of expansion 
shown in figure 12. 

The seven curves depicting the expansion cl 
acteristics of the cement-lime bars shown in fig 


12 were chosen primarily because they were ny 


7 The authors are indebted to G. J. Fink and Emil Trattner for the 
their data on the behavior of cement-lime specimens during the 
wutoclaving, previously presented at the Twenty-Eighth Annual Co 
of the National Lime Association, March 194 
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rirwtes 


therma on of the bar and parts of the autoclave, 


three 


er pans 


requiariy hydrate 


hares prepared wath 


l three highly hydrated dolomitic limes in the proportion of 1C:1L 


less typical of those obtained with other hy- 


rated limes over this range of expansion. No 


rve showing the expansion of a cement-lime bar 
repared with a high-caleium lime is plotted in 
rure 12 
cause it would very closely coincide with the 
It can be 


since such a curve would be obscured 


plotted for the portland cement. 
en from figure 12 that the curves expressing the 
pansion of the cement-lime test specimens are 
shaped, with a flattening accompanying a de- 
ase in the total expansion. At the normal 
ating schedule, only a slight amount of the 
tal expansion occurred before the elapse of 45 
i, or before a temperature of about 150° C was 
led. This was followed by a rapid rate of 
sion which, in turn, tapered off before a 
rature of 216° C Conse- 


was reached. 


quently, there is little to be gained by continuing 
the heating at 216° C for more than 1 hr. 

After subtracting the percentage of expansion 
of the parts of the autoclave at 216° C from each 
of the values of the cement-lime bars at the same 
temperature and comparing the percentages of 
expansion thus obtained with those recorded in 


table 1 Was 


for similar 1:1 cement-lime bars, it 
that 
special autoclave were for the most part appre- 


ah 
Phe 


most logical explanation for the lower percentage 


found the expansions obtained with thi 


ciably lower than those recorded in table 1. 


of expansion with the use of the special autoclave 
appeared to be associated with the lower rate of 
autoclaving. Conse- 


temperature rise during 


quently, a series of experiments was made of the 
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rate of expansion of the cement-lime specimens 
when heated in the special autoclave at a still 
further retarded rate. 


(b) Effect of Retarding Rate of Heating on Expansion 


The results obtained with three of the limes 
(40, 73, and 66) are plotted in figure 13. The 
retardation was started at the end of 30 min, or 
when the temperature reached 120° C, At this 
point, but little expansion had occurred in the 
The rate of heating was then retarded 
so that the temperature did not reach 216° C until 
the end of 175 min, rather than 97 min as in the 
case of the normal rate of heating. From figure 13 
it is evident thet not only was the rate of expansion 


specimens. 


retarded at the slower rate of heating, but, more 


important, the total expansion was decidedly less. 


cry 
ee 


These experiments show the great impo: 
defining the heating schedule of an autoc!; 
specification for the autoclave testing of ¢ 
of a cement-lime specimen. 


ince of 
e, by a 
ANSON 


VII. Application of Results to Selection of 
a Proposed Specification for Soundness 
of Hydrated Lime 


It should be recalled that the primary purpos 
of the investigation was to study the expansiy 
characteristics of hydrated limes and to obtai 
data and information that might be used in formy- 
lating an accelerated performance test acceptal), 
for a specification for the soundness of hydrate 
limes. 

Accelerated performance tests have been incorpo- 
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200 





Journal of Research 





rater 
vari 
accel 
ol a 
ons 
expa 
that 
cret 
exces 
cater 
ami 
hvai 
ta 
hvai 
whit 


to many specifications for the selection of 
materials. The need of a test that both 
ites and amplifies the potential expansion 
vdrated lime in service is apparent from 
onsiderations of a typical plaster failure involving 
expansion. Figure 14 shows a marked failure 
dness that occurred in white coat along the side of a con- 


hee of 
e, by a 


ansio} 


rete beam when the expansion of this coat became 
xeessive. Chemical and thermal analyses indi- 
cated that the white coat had been prepared from 
: mixture of gypsum gaging plaster and a normally 
hvdrated dolomitic finishing lime that had con- 

ed considerable unhydrated MgO. The slow 
ivdration of the MgO in the set and hardened 
white coat to Mg(OH), had resulted in a cumula- 
ve expansion of such a magnitude that the white 
oat had sheared away from the underlying base 


oat of gypsum bond plaster that had been applied 


to the conerete beam. Calculations based on 
easurements of the bulge in the white coat revealed 
that a linear expansion as low as 0.5 percent 
ppears to account for a separation of the magni- 


tude shown in figure 14. The fact that such 


PP aE 
CEILING. 


14 Plaster failure involving the expansion of about 


cent in the white coat along the side of a concrete 


es usually do not take place until some 5 to 
or longer) after a building has been erected 
the necessity of an accelerated test for 
ng the soundness of hydrated lime, provided 
rmance test is to be used. Also, the fact 
uly a very small expansion can be tolerated 
a set and hardened plaster or mortar with- 
using trouble shows the desirability of 
ation of the potential expansion of the 


ive Characteristics of Limes 


constituents composing the plaster or mortar. 
There is no valid reason for not accepting an 
accelerated test procedure that amplifies expansion 
provided it clearly differentiates hydrated limes 
having low potential expansions from all others. 
In fact, amplification has a definite advantage 
in that it facilitates this differentiation. 

The factors to be considered in the selection of 
a method best suited for an accelerated perform- 
ance test, and the selection of a plausible limit to 
the percentage of expansion will now be discussed. 
However, it is not the purpose at this time to 
write a detailed specification. 


1. Selection of Method 
The selection of a test procedure for a specifica- 
tion for soundness of hydrated lime should be 
based on several criteria. Among the most 
important of these are the following: 
1. The test clearly differentiate the 


hvdrated limes having low potential expansions 


should 


from all others. 

2. The procedure should be reproducible. 

3. It should not be necessary to repeat the test 
too often because of such factors as frequent 
breakage of weak test specimens in handling. 

4. The 
should be as short as feasible. 

5. The procedure, if possible, should be adapt- 


time required to complete the test 


able to apparatus already available in numerous 
testing laboratories. 

On the basis of these criteria, autoclave testing 
at a steam-gage pressure of 25 Ib/in.? would be 
eliminated by criterion 4, because at this pressure 
ultimate expansion of cement-lime bars is not 
attained even after 7 hr of autoclaving (fig. 5). 
On the other hand, the time period required for 
autoclaving at 295 lb/in. is much shorter, actually 
slightly over 3 hr, for the entire procedure of 
autoclaving, divided as follows: Time of raising 
pressure to 295 Ib/in.*, from 1 to 1 hr; time of 
continued heating at this pressure, 1 hr (see fig. 
12); and time of cooling autoclave, 1 hr. Further- 
more, autoclaving at 295 lb/in.* seems particularly 
desirable, because numerous testing and research 
laboratories throughout the country are equipped 
with autoclaves so designed that the gage pressure 
can be raised to 295 lb/in.? within 1 to 1\ hr and 
automatically maintained thereafter at this pres- 
sure. Autoclaving at 295 lb/in.’, therefore, meets 
both criteria 4 and 5. 
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Although a test procedure very likely could be 
devised for autoclaving cement-lime specimens 
at some gage pressure between 25 and 295 lb/in.’, 
it is doubtful if autoclaving at an intermediate 
pressure would have any advantages over auto- 
claving at 295 lb/in.’. 

The next factor to be discussed is the selection 
of that ratio of cement to lime in the test specimen 
that gives the best indication of the potential 
expansion of hydrated limes. All three ratios 
(2C:1L, 1C:1L,and 1C:2L) could be used to differ- 
entiate the regularly hydrated dolomitic limes, 
characterized by having the highest percentages 
of unhydrated oxides and the highest percentages 
of expansion, from the remaining hydrated limes 
(figs. 7, 8, and 9). There are, however, certain of 
the highly hydrated dolomitic limes that appar- 
ently have appreciable potential expansions when 
tested in the proportions of 1C:1L or 1C:2L that 
do not clearly show this expansive potentiality 
when tested in the proportion of 2C:1L (fig. 10). 
With a 2C:1L proportion, the percentages of ex- 
pansion of all the highly hydrated dolomitic limes 
are distributed rather uniformly over a narrow 
with but one exception, from 0.18 to 0.88 

Therefore, a 2C:1L 


e r 
range 


percent. proportion does 
not meet criterion 1. 
In the 1C:1L and 1C 


highly hydrated dolomitic limes of low potential 


:2L, proportions, the 


expansions are easily differentiated from those of 
appreciable potential expansion. But, as men- 
tioned previously, 1C:2L bars are fragile and 
difficult to handle 
Therefore, by criterion 3, testing hydrated limes 


without excessive breakage. 


in the 1C:2L proportion is eliminated. Conse- 
quently, having eliminated the 2C:1L and 1C:2L 
proportions, the 1C:1L proportion remains the 
most desirable. Since it has been shown that the 
procedure of testing the cement-lime bars in the 
1C:1L proportion is reproducible, criterion 2 is 
also met. In conclusion, therefore, testing cement- 
lime bars prepared in the proportion of 1C:1L 
and autoclaving at 295 lb/in.2 meets all of the 
criteria set forth for a procedure for determining 
the soundness of hydrated limes. 


2. Proposed Limit of Percentage of Expansion 


Bearing in mind that the test for soundness 
should differentiate hydrated limes having low 
potential expansions from all others, and that “Not 
a single instance has been found where bulging 
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occurred in a white-coat plaster made wit!) high. 
calcium lime;”’ [2], it would appear logical (o |imj, 
the percentage of expansion to that shown by th, 
high-calcium limes. If the upper limit is placed a; 
0.6 percent without subtracting the percentay 
of expansion of the cement, then all of the high- 
calcium limes would be included and 16 of the 
highly hydrated dolomitic limes; but at the sam 
time those highly hydrated dolomitic limes tha; 
showed moderately high potential expansion would 
be eliminated. The limit of 0.6 percent may } 
too restrictive in view of the fact that certaiy 
cements might be used that give slightly highe; 
expansion than cement 10, which was used in th; 
bulk of the experiments in the present investiga 
tion. It is proposed, therefore, that the uppe: 
limit of the linear expansion for a test for soundness 
be placed at 1.0 percent after subtracting the per- 
centage of expansion of the cement. 

It is further proposed that portland cement meet 
ing the requirements of Federal Specificatio: 
SS-C-192 (type 1) for portland cement (AST\ 
Designation: C 150-46) be used in preparing thy 
IC: 1L test bars, and in addition that only thos 
cements having expansions ranging from 0.05 to 
0.15 be selected. 

A limit of 1.0 percent should afford adequat 
protection for the consumer and not work a 
undue hardship on the producer. All high-caleiun 
hydrated limes and quicklimes, if properly slake 
so that the unhydrated oxide is reduced to a low 
percentage, will easily meet the requirement; an 
apparently if the highly hydrated dolomitic limes 
have been hydrated to the extent that the unhy 
drated oxide is reduced to less than 5 percent, suc! 
products should also meet the requirement. T! 
16 highly hydrated dolomitic limes that meet this 
requirement were all commercially produce: 
The remaining 12 do not represent a true cros 
section of this type of lime as now being produce 
Six, as stated previously, were experimental limes 
and the process of manufacture of several of 
others has been modified, so that there is goo 
reason to believe that the percentages of unly- 
drated oxide and the expansions are now of t! 
order of magnitude of the high-calcium limes 

All of the four magnesian limes with the p: 
centage of unhydrated oxide ranging from 5.° ‘0 
12.7 would meet the 1-percent limit on expansio! 
Two of these, namely, limes 79 and 80, with %> 
and 12.7 percent of unhydrated oxide, respective!) 
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it, however, meet a composition require- 
it the quantity of unhydrated oxide shall 
d 8 percent by weight on the as-received 
t] 
other hand, it is obvious that certain of 
hiv hydrated dolomitic limes having 
s of unhydrated oxide as low as 8 percent 
vertheless, exhibit appreciable autoclave 
In either case, since an accelerated 
ance test should be preferable to a limi- 
of the chemical composition, it is believed 
mit of 1 
L. bars is better than the 8-percent limit on 


percent on the expansion of 


inhvdrated oxides. 


VII. Summary 


\n investigation of the expansive characteristics 
hydrated limes was completed, and from the 
ta obtained an accelerated performance test 
is proposed for testing the soundness of hydrated 


samples of 80 structural hydrated limes, repre- 
tative of the production in the United States, 

classified on the basis of chemical analyses 
oxide content as 


calculated unhydrated 


ch-calcium, regularly hydrated dolomitic, highly 


vdrated dolomitic, and magnesian limes. The 


entage of unhydrated oxide for the high- 


im class ranged from 0 to 3.9; for the regularly 
ated dolomitic from 16.1 to 34.3; for the 
vhiy hydrated dolomitic from 1.4 to 12.6; and 
the magnesian from 5.9 to 12.7. 
On the basis of preliminary experiments, port- 
d cement was selected as the most suitable 
raulic material for gaging hydrated lime in the 
paration of test specimens suitable for auto- 
ving. A technique for preparing, curing, and 
toclaving 1- by 1- by 10-in. cement-lime bars 
s developed. The method for determining the 
expansion of cement-lime bars prepared in 
proportion of 1 cement to 1 lime, by weight, 
subsequently autoclaved at 295 Ib/in.? for 
vas found to be reproducible by three inde- 
Ll Operators. 
on the expansions of cement-lime bars 
(in proportions of 2 parts cement to 1 
| part cement to 1 part lime, and | part 
to 2 parts lime, by weight, and autoclaved 
» m.* gage pressure for 3 hr, showed that 
pared with the regularly hydrated dolo- 
es, Which had the highest percentages of 
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unhydrated oxide, had the highest 
limes, 


percentage 
of expansion. The high-calcium char- 
acterized, in general, by the lowest percentages of 
unhydrated oxide, gave the lowest percentage 
of expansion. Most of the highly hydrated 
dolomitic limes had percentages of unhydrated 
oxide and expansions that were comparable to 
those of the high-calcitum limes. The remainder 
had percentages of unhydrated oxide and ex- 
pansions that were greater than those of the high- 
calcium limes. The four magnesian limes ex- 
hibited unique behavior in that each showed lower 
percentage of expansion than other limes with 
comparable percentages of unhydrated oxide. 
An increase in the proportion of lime in the 
cement-lime bars was attended by an increase in 
expansion and by better differentiation between 
Bars of the 1 part 
cement to 2 parts lime series, however, were very 


the classes within a series 


weak and were eliminated from consideration for 
a routine test method 

The effect of 17 different portland cements on 
the expansion of cement-lime (1:1 by weight) 
bars was investigated. The neat cements ranged 
in expansion from 0.00 to 0.30 percent, and they 
were tested in part with 30 selected limes. The 
expansion values of cement-lime bars for a par- 
ticular lime tended to increase as the expansion 
value of the constituent cement increased 
Arbitrarily subtracting the expansion of the neat 
cement from the total expansion of the cement- 
lime bar gave the most uniform results for the net 
expansion of the lime. 

An autoclave was specially modified for ascer- 
taining the behavior of cement-lime specimens 
during the course of autoclaving. The results 
showed that only a slight amount of the total 
expansion of cement-lime bars occurred before a 


Above 


‘, a rapid expansion rate was noted, which, 


temperature of 150° C was reached 
150° ¢ 
in turn, tapered off before a temperature of 216 
C was reached. Since little expansion occurred 
after the specimen bad reached the limiting tem- 
perature of 216° C (equivalent to 295 Ib/in-’ 
steam-gage pressure), it Was concluded that con- 
tinued heating at 216° C beyond | hr is un- 
necessary for a test procedure. The results also 
indicated the importance of a controlled rate of 
heating the autoclave to 216° C, as a decreased 
rate of heating gave decreased expansions. 


It was proposed that hydrated limes be tested 
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n the proportion of 1 cement:1 lime (by weight), 
that the cement used have an expansion between 
0.05 and 0.15 percent, that the autoclaving be 
done at 295 lb/in.* gage pressure for 1 hr accord- 
ing to a controlled schedule and, finally, that the 
expansion obtained after subtracting the percent- 
age of expansion of the neat cement bar from the 
total expansion of the cement-lime bar be limited 
to not more than | percent. 


The authors express thanks and appreciation to 
Emil Trattner and G. J. Fink, former Research 
Associates at the National Bureau of Standards, 
for obtaining a great portion of the data on auto- 
clave tests included in this publication. 
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“Concentration of Isotopes of Mercury in Countercurrent 
| Molecular Stills '* 


By Samuel L. Madorsky, Paul Bradt, and Sidney Straus 


Mereury was refluxed in countercurrent molecular stills in order to concentrate Hg. 
Two glass stills, with heater and cooler placed outside the distillation columns, and one still, 
consisting of a glass column heated externally and a stainless-steel cooler placed concentrically 
inside the column, were used. As compared with a 10-cell steel column described previously, 
these columns showed poor performance, mainly because the hold-up was too small. There 
are definite indications, however, that with liquids having a lower surface tension than Hg, 
these columns will perform as well as the 10-cell steel column. Mass-spectrometer analyses 
of isotope ratios of the Hg-isotope concentrates were in good agreement with density determi- 


nations. 


I. Introduction Ordinary mercury consists of a mixture of seven 
stable isotopes in the following proportions [4]: 


In a previous paper [1]* concentration of the 
sotopes of mercury in a countercurrent molecular 


still has been described. The still consisted of a en = 
cell metal column inclosed in a glass cylinder. 
lhe end fractions differed in density by a total of yr G3 
i1.6 ppm. The maximum change of density a ye 
obtained per cell was about 18 ppm as compared 200 23.3 
tha maximum value of about 24 ppm obtained 201 13. 2 
a single-stage small glass still [2] or 23 ppm 202 29. 6 
204 6. 7 


pdtained in a single-stage large steel apparatus [3]. 
One object of this investigation was to explore the 


possibility of obtaining by the same method a large - , 7 
eps icc ib : Fh There has been of late a great deal of interest in 
separation of the isotopes of mercury by using - one . a‘ : i 
a the possibility of using pure isotopes of Hg of even 

jong distillation columns with many cells. Another se sel , 
: atomic weight as a primary standard of wave- 


length of light [5]. Although ““Hg and *’Hg are 


the most abundant isotopes, it would be very 


bojyect Was to compare density measurements of 


v-isotope concentrates with mass-spectrom- 


rier analysis of isotope ratios in the same con- an 

difficult to separate them or even to concentrate 
a . them by countercurrent molecular distillation as 
ribed in this paper was done in part under the auspices of this method is adapted primarily to the concen- 
agen tration of either the lightest or heaviest isotope 

ilar stills used in concentrating mercury isotopes are Sill ilar ore . 
leveloped in this laboratory by 8. L. Madorsky, A. K from a mixture. The same argument holds for 
Il. Taylor Hy. As to a choice between Hye and “He, it 


ackets indicate the literature references at the end of this 


is obvious from the abundance table that **Hg is 
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preferable because it is about 45 times as abundant 
as Hg. In view of these considerations, the 
main object of this investigation was the concen- 
tration of the heavy isotopes, particularly “Hg. 


II. Distillation Columns 


The distillation columns used in this work are 
of two types: I, consisting of a glass tube, with 
heater and cooler placed outside the tube, figure 1; 
and II, consisting also of a glass tube and with 
heater placed outside, but with the cooler placed 
inside the tube, figure 2. Both columns were kept 
at an angle of 7.5° to the horizontal. They were 
provided with reservoirs at their upper ends so 
that only heavy fractions were concentrated at 
the lower ends. Inlets at the ends served for the 
introduction of the mereury and for drawing sam- 
ples for analysis. The reservoirs were provided 
with side branch tubes surrounded with nichrome 
heating coils for the circulation of the mercury in 
the reservoirs. Evacuation was accomplished by 
means of an oil pump and Hg-vapor pump, and 
a pressure of about 10~°] mm of Hg was main- 
tained during the operation of the stills. 
was made of a glass tube 
Indenta- 


Column I, figure 1, 
with an internal diameter of 21 mm. 
tions pressed into the tube on the underside, at 
right angles to the axis of the tube, formed indi- 
vidual cells, or cups. Roofs over these cups were 
formed on the upper side of the tube by indenting 
the glass in such a way that the condensate over 
each cup Was delivered to the cup immediately 
above it in the series. Condensate on the sides 
of the column was guided from cell to cell in the 
upward direction by means of gutters pressed into 
column rested on a 
The roofs were cooled 


the glass column. The 
Nichrome electric heater. 
by means of a stream of tap water flowing over 
them in a trough. This trough was made by 
pressing lucite plates against the sides of the dis- 
tillation column, with strips of sponge rubber 
between the lucite and the glass to make the 
joints watertight. 

Column II, figure 2, was made of a glass tube 
48 mm in inside diameter. The cups, or cells, 
were shaped in the same way as in column [, 
The condenser consisted of a series of metal plate- 
roofs strung on a metal tube with tight-fitting 
sleeves as spacers. The metal tube was water- 
cooled through a smaller concentric metal tube. 
The metal parts exposed to mercury were made of 
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The column rested on a hrom 
electric heater. The sides and top were coyer, 
with an asbestos mat 2 cm thick in order to oo 
the column hot and to prevent the mercury yay, 
from condensing on the inner surface. 
In addition to these two columns, a third col 

III, similar to column I[, but without a reseryy) 
In the absence of a res, 


stainless steel. 


was used in this work. 
voir a light concentrate could be collected at | 
upper end in addition to the heavy concentry; 
at the lower end. The cooler for this colyy 
instead of a direct stream of water over the poof. 
consisted of several long water-cooled copper tub) 
connected to two manifolds at the ends and pla 
over the column roofs. Contact between 
cooler and the roofs was made by means of gr: 
ular magnetic-iron oxide. The column was pla 
at an angle of 3.75° to the horizontal. Chara 
istic details of the three distillation columns , 
given in table 1. 


TaBLe!l. Details of molecular distillation columns 


concentrating isotopes of mercury 


Ang 
hor 


Zont 


Number Hg in 


Column 
of cells each cell 


I. All glass with reser 
voir 
Il. Glass jacket reser 
voir, and internal 
metal cooler 
Ill. All glass, without 
reservoir 


III. Temperature Measurements and 
Density Determinations of Fractions 


Operation of the columns could be obs 
aad kept under control through a series of ther 
couples placed on the outside of the columns 
various points between them and the heat 
However, as pointed out in a previous pape! 
temperature measurements taken outside of! 
mercury pools proper are not indicative of 
evaporation temperature of the mercury 
temperature was, therefore, calculated fron 
amount of heat carried off by the cooling wa! 
This amount was determined by measuring 
temperature of the 
cooling water and its rate. 

Density determinations were made by thie = 


inflowing and outflow 


picnometer method described in) a_ pres 
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paper [1]. In cases where operation of the column 
was resumed after sampling, the mercury samples 
were first returned to the respective end or reser- 


voir of the column, from which they were removed. 


IV. Experimental Work and Results 


Column I was operated at 74° C for 256 hr. 
The operation was then stopped and samples 
drawn from the lower end of the column and from 
the reservoir for density measurements. Opera- 
tion of the column was then continued for another 
681 hr, i. e., for a total of 937 hr. Column II 
was operated at 100° C first for 546 hr and, after 
sampling from the lower end, it was operated at 
the same temperature for another 761 hr, a total 
of 1,307 hr. A sample was removed from the 
lower end, and operation was continued with a 
fresh batch of mercury at 76°C. This run lasted 
408 hr, and a sample was then taken from the 
lower end of the column. Column III was operat- 
ed at 100° C for three consecutive periods, 243, 
500, and 507 hr. Samples were taken from both 
ends of the column after each period. 

Experimental details and results of density de- 
terminations are shown in table 2. In columns 
I and II, which had large reservoirs at the upper 
ends, only the heavy isotopes were concentrated 
at the lower ends. The highest concentrations ob- 
117.3 and + 107.0 ppm, in columns 


column Ill, which 


tained were 
I and II, respectively. In 
was without a reservoir, the greatest difference in 
density between the light and heavy fractions 


TABLE 2 Ex pe rimental details and resulis 


He in 
He in lower Change Changs 
reser end of Dura- Tem- i den- in den- 
voir or col tion of os sity of sity of 
upper umn experi om light heavy 
endof Heavy ment frac- frac- 
column frie tions tions 

tion 


Exper 


a nh 
ylumn iment 


ppm ppm 
0 72.0 


0 117.3 


53.7 
107 
91 


48 


™ 


* Cumulative time including the hour the experiment immediately 


ibove them 
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wasabout 190 ppm. Asseen from table 2, 
current fractionation had apparently  reache; 
equilibrium in the first 700 hr of operat on 
The results of experiments shown in 
indicate an unsatisfactory performance {i 
columns. A comparison of these results w 
obtained in the 10-cell steel apparatus [| 
equilibrium conditions, shows that whil 


unter. 


table 2 
all the 
h those 
under 
IN the 
10-cell column change of density per cell was jx 
ppm, the change in these columns was approxi- 
mately 0.8, 1.0, and 3.2 ppm per cell for columns 
I, I], and III, respectively. The inability of th 
all-glass and glass-metal columns described here to 
separate isotopes of mercury efficiently can be ex. 
plained in the following manner. The cells in thes 
columns should not be considered as individys 
plates because of the fact that they were no 
separated from each other by partitions as was th 
case in the 10-cell steel column. 
each pool of mercury had a chance to mix freely 


The vapor over 


with the vapor over the neighboring pools aboy 
and below it. However, even under these condi- 
tions there should have been a greater separati 
of isotopes than was actually obtained. 
two or three cells acted as one plate, the tot 


Even 
change in density, for example, in column II! 
should have been (150/2) * 18=1,350 or (150 
18=900 ppm, on the basis of performance of | 
10-cell steel column. 

The chief difficulty was due, undoubtedly, to | 
small capacity of the mercury cups in the cells 
This capacity was about 0.6 ml in columns I a 
III and about 0.9 ml in column II. In view of t! 
high surface tension of Hg and its inability to we 
glass, it did not drain regularly and uniform) 
from cup to cup along the column, so that so 
pools were filled more than others by as much a 
100 percent or even more and some pools were o)- 
served to stay altogether empty for several ho 
ata time. In case of the 10-cell steel apparatus 
where each cell had a capacity of about 9 ml, thes 
irregularities of counterflow were minimized by t! 
large volume of the liquid in each cell. In ¢ 
present columns, where the capacity of each « 
was from 1/15 to 1/10 of that in the 10-cell st 
column, these irregularities had a critical etlect 
the operation. All-glass and glass-metal columus 
similar to those described in this paper were use 
for refluxing liquids with normal surface tensio! 
and having the ability to wet glass. On the base 
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V. Mass-Spectrometer Analysis of Isotopic 
Ratios of Mercury Concentrates 


\leasurements of mercury isotope ratios were 
made on a 60° Nier type [6] mass spectrometer 
provided with a “continuous balance’ recording 
potentiometer. The ionization chamber was con- 
structed of copper; however, the copper ion- 
repeller, being in direct path of the Hg vapor 
beam, was replaced, as a precautionary step, with 
a fine platinum gauze. 

The inlet system was in the form of a glass 
manifold to which six sample tubes could be 
attached. Each sample tube consisted of a 3-mm 
nside diameter tube attached to a 1-cm inside 
diameter tube, the small tube ending inside the 
larger tube in the form of a sealed capillary break- 
off projection. The Hg sample was introduced 
nto the smaller tube through an open end. This 
end was then sealed to an evacuation system, the 
tube evacuated to about 10-° mm Hg and then 
sealed off so as to enclose the Hg sample. The 
sample tube was then sealed on to the manifold 
by its l-em inside diameter open end. Admission 
of mercury vapor from the sample tube into the 
mass spectrometer was accomplished by dropping 
a magnetically manipulated iron ball, about 0.8 
em in diameter on the capillary break-off, inside 
the large part of the sample tube. 

After evacuating the mass spectrometer and 
before dropping the iron ball on the break-off, the 
manifold was flamed until the largest peak on the 
Hg background was a small fraction of the recorder 
seale at the highest recorder sensitivity. The 
sample tube was then immersed in liquid air, the 
ron ball dropped on the break-off, and pumping 
continued for some time. The liquid air was 
then replaced with a freezing mixture at —23° C, 
and the measurements of isotope ratios were 
carried out while the sample was kept at this 
temperature. When a set of measurements was 
completed, the freezing mixture was replaced 
with liquid air again, and the smaller part of the 
sample tube holding the Hg sample was sealed off. 
Whenever necessary, venting of the mass-spectrom- 
eter chamber was accomplished by cracking off 
the manifold and not by opening a stopcock 
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beyond the mercury-vapor pump and liquid-air 
trap, as is usually done in vacuum work. In this 
way the mass-spectrometer chamber remained 
free of Hg contamination from outside sources. 

Analysis was made by successively comparing 
the heights of the recorder peaks from Hg to 
He with that of “Hg. For each comparison 
the sequence, zero-*Hg-zero-peak-zero-™Hg-zero, 
was run 10 times, the scanning rate being set to 
cause the recorder pen to linger several seconds 
at the tip of each peak. 

Eight samples of normal Hg were analyzed, and 
the average isotope ratios are shown in table 3 in 
comparison with those of Nier [4]. There seems 
to be a very good agreement between the two sets 
of ratios. No attempt was made to determine 
ratio ™Hg/™Hg, since the height of the “Hg peak 
is only about 2 percent of the ™Hg reference peak. 
The presence of a memory effect was checked by 
comparing analyses of five normal samples, each 
following analysis of a heavy sample, with those 
of three normal samples, each following a light 
sample. The small differences found were in the 
opposite direction to that which a memory effect 
would indicate. The results of all the iostope 
ratio determinations are shown in table 4. 

Densities of the various mercury concentrates 
were calculated on the basis of the isotope ratios 
shown in table 4. A comparison between the ex- 
perimentally determined density deviations of the 
concentrates from normal Hg and those calculated 
is given in table 5. On the basis of data in table 
4, concentrations of ™Hg in samples IIL1-3-L and 
III-3-H are found to be 6.684 and 6.899. This 
gives a total enrichment of ™ Hg in the lowest cell 
of column III over that in the uppermost cell of 
4.66 percent. 


TABLE 3. Abundance ratios of Hg isotepes 


Comparison between the present work and that of Nier 


Values of isotope ratio 


Ratio measured Percent 
we 

devia 

tion 


196/204 
198, 204 
199/204 
200/204 
201/204 
202/204 





TABLE 1 Mass spectrometer analysis of soto pe ratios im 


mercury concentrates 
ratios in normal Hg and in concentrates 


VA 24 1M 24 224 «621 


* Ratio 196/24 for normal Hg is that given by Nier, all the other ratios in 
this column were estimated by assuming that the amount of concentration 
fa given isotope was proportional to difference between the molecular weight 
f this isotope and the average molecular weight of Hg. This relationship 
was found to be approximately true for the other light isotopes 

>» Roman numeral stands for column, arabic number for experiment, and 
L. and H for light and heavy fraction (see table 2) 


TaBLe 5. Comparison between experimental density values 
and those calculated from isotope ratio data for Hg con- 


centrates 


Deviation of den- 
sity from normal, 
in ppm 

age 
Samp! 
am pre differ- 


Percent- 


Experi Caleu- nes 


mental lated 


VI. Conclusions 


Concentration of “Hg in long countercurrent 
molecular distillation columns having small cups 
of less than 1 ml capacity, gave poor results, as 
compared with a 10-cell steel column with large 


cups, described in a previous publicati 

chief reason lies in the fact that, becaus: of 
small hold-up in the cells, a liquid like Hix, wi, 
a very high surface tension did not reflux recularh 
so that individual cells held more liquid at o 
time than at another. There are indications 
however, that with liquids of normal surface te 


sion, 2-3 cells in such columns act as one plat 


comparable with one cell in the 10-cell st 


columns. The all-glass and glass-metal columps 


described in this paper are more easily construct 
and, where the liquid has a normal surface tensi 
and refluxes regularly, a smaller hold-up is mo 
advantageous. 

Mass Spectrometer analyses of isotope rat 
in normal Hg gave results that are in good agr 


ment with those obtained by Nier. The mass 
spectrometer isotope enrichment determination: 


agree fairly well with direct density measuremen! 
by the picnometer method. 


The authors thank F. L. Mohler for ma: 
valuable suggestions in connection with this 
vestigation and C. E. Emery, Jr., who assist 
with the operation of the mass spectrometer 
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‘Petermination of Lactose Alone and in the Presence of 
Sucrose by the Method of Munson and Walker 


By Lester D. Hammond 


The existence of uncertainties in the tables employed in the determination of lactose, 


alone and in the presence of sucrose, by the method of Munson and Walker has led to the 


redetermination of the reducing-sugar values from which these tables were calculated. The 


original tables were based on the weights of cuprous oxide corresponding to various weights 


of lactose, and in the present paper all values are referred to the weights of copper determined 


electrolytically. 


under the conditions prevailing in the method are given. 


for mixtures of lactose and sucrose in the ratio of 1:12 is shown to be in error. 


Data showing the magnitude of the contamination of the cuprous oxide 


The table of Straughn and Given 


From the 


redetermined values an extensive table of the copper values for lactose and for two ratios of 


lactose and sucrose has been computed. 


I. Introduction 


lhe estimation of lactose is of considerable 
nportance to the dairy industry, to other proc- 
sors of food, and to the State and Federal 
bovermments. The interest of the latter is in- 
wated by the fact that the determination of 
bctose is listed in the Book of Methods of the 
ssociation of Official Agricultural Chemists. 

his paper is a report of the results obtained by 
e redetermination of the copper values of lactose 
nd two of its mixtures with sucrose by the unified 
wthod of Munson and Walker. This method, 
blished in 1906 [1],! has found wide acceptance 
ecause Of its simplicity and reproducibility of 
sults. However, the original tables are based 
nu the weight of cuprous oxide obtained rather 
ian on the procedure of the direct determination 
{ metallic copper or of other accepted methods. 
ph addition, there exists evidence that there are 
ther errors in these tables. 

The original Munson and Walker table con- 
sted of weights of dextrose, invert sugar, and 
‘Oo muxtures of invert sugar and sucrose cor- 
sponding to various weights of cuprous oxide. 
W07 Walker [2] extended the applicability of 


brackets indicate the literature references at the end of this 
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the method to include both lactose and maltose. 
Subsequently, an error in the calculation of the 
lactose table was discovered, and a corrected table 
was published [3] in 1912. In this same year 
Given published [4] a book of methods of sugar 
analysis in which he stated that a question had 
arisen as to the composition of the lactose pre- 
pared by Walker. He further stated that “Mr. 
M. N. Straughn of the Sugar Laboratory, Bureau 
of Chemistry, U. S. Dept. of Agric. has prepared 
a pure sugar and made the determinations for a 
new table for lactose, and with the assistance of 
the author has made the calculations for that 
table and, in addition, the determinations and 
calculations for a table for a mixture of 1 part 
lactose and 4 parts sucrose for use on condensed 
milks, and for 1 part lactose and 12 parts sucrose 
for use on milk chocolates. In all cases the work 
was done on lactose of the formula 5(Cj2H»O;,)+ 
2(H,O), and calculated to the hydrated form 
Cy»H2O;,+H,0.” As far as can be ascertained, 
this direct quotation from Givens’ book is the 
only record of this work extant. No statement 
was made as to the method of preparing the 
lactose, no analytical data were given, nor did the 
author state the method of determining copper, 
which, presumably, was weighed as Cu,O in the 


manner followed by Munson and Walker. As 
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this table for lactose and its mixtures with sucrose 
is official with the Association of Official Agri- 
cultural Chemists, it seemed desirable to carry 
out a complete redetermination on the basis of 
the copper values rather than on the basis of 
weights of cuprous oxide. 


II. Preparation of Lactose 


Walker prepared his sample of lactose by pour- 
ing a hot aqueous solution of the recrystallized 
sugar into alcohol, with constant stirring. The 
fine crystals that separated were first dried in air 
and then over anhydrous calcium chloride. From 
a moisture determination according to the method 
of Brown, Morris, and Millar [5] on the dried 
purified sample, Walker concluded that the 
composition of his preparation was C;.H 2.0, -4H,0O. 
This conclusion was further supported by a 
determination of carbon and hydrogen. He 
reported the specific rotation of his material to be 
52.93°, but did not specify the concentration, 
temperature, or wavelength. Von Lippman [6] 
states that lactose prepared in the manner 
described above has the composition 5Cjy,H»Oy- 
2H,0. Quisumbing and Thomas [7] prepared 
lactose by adding equal volumes of alcohol and 
ether to a cold aqueous solution of sugar. They 
report moisture (loss at 125° to 130°) 5.22 percent, 
ash 0.03 percent and [a/p=52.90°. Lane and 
Eynon [8] prepared lactose by recrystallizing a 
pure commercial sample twice from water and 
found the specific rotation to be 52.5°. Bertrand 
(9 recrystallized lactose five times from an aqueous 
solution and found [a]}=54.5°. He declared the 
sample to be CyH»O,-H,O. Schmoeger [10] 
showed that the specific rotation of lactose hy- 
drate for ¢e=2.372 to 41.536 was independent of 
the concentration and from a mean of 70 determi- 
nations found that [a/}=—52.53°. This value 
was confirmed by Deniges and Bonvans [11] as 
well as by Parcus and Tollens [12] and it is the 
value reported in NBS Circular C440. On the 
contrary, Bacharach [13] determined the value 
52.42°, which agrees with the value given by 
Grossman and Bloch [14]. Hudson [15] has 
demonstrated that lactose prepared by precip- 
itating with alcohol is not a definite compound, 
but that it is a mechanical mixture of the hydrated 
and anhydrous forms. Given and Walker state 
that their analytical work was done on lactose 
having a known formula, and that the results were 
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calculated to CyH2On-H,0. Quisumbling gy, 
Thomas made no statement as to the com positioy 
of their preparation. They gave its physica| 
constants, apparently regarded it as the mono. 
hydrate, and reported their analytical results oy 
that basis. However, from the work of Hudson j; 
seems possible that the differences in the specific 
rotation values of these various preparations wor 
due to differences in the amount of water of 
hydration. 

The lactose used in this work was prepared froy 
U.S. P. lactose. A hot 50-percent solution was 
treated with vegetable char and filtered. Alun. 
num hydroxide was then added, the solution; 
filtered, and the filtrate was crystallized while | 
motion. This material was then twice reerystal- 
lized under the following conditions. A 50-perceni 
solution was made by heating to 80° C. Thy 
temperature was maintained around this point 
prevent the formation of 8-lactose, which is stab) 
above 93° C. The solution was crystallized \) 
motion while cooling it to room temperatun 
The mother liquor was separated from the crystals 
by means of a centrifuge, and the crystals wer 
washed with water at 5° C and dried at room ten. 
perature. The lower part of a desiccator was fille 
with a large portion of the dried material, and « 
working sample of the lactose was stored over it 
The desiccator was kept in a room at 20°C. A 
the same time, a small weighed sample of the lae- 
tose was placed in the desiccator and kept expose 
to its atmosphere. This sample has remained « 
constant weight over a period of months. Analys» 
showed the preparation to contain: moistur 
5.05 pereent; ash, 0.003 percent; and lalp | 
6.9779)=52.54°. These data indicate that tl 
material is lactose monohydrate, Cy,H»2O,- H.0 


| 


III. Contamination of Cuprous Oxide 


It has long been known that Cu,O, produced ) 
the action of impure solutions of reducing sugu 
such as sugar-house products, is contaminated wit! 
organic and inorganic impurities. It is not » 
generally appreciated, however, that Cu,Q, forme 
by the reducing action of solutions of pure sugar 
is contaminated with organic impurities, for (! 
2 McDonald and Turcotte [16] have recently completed an extens 
of a-lactose hydrate, in which they determined the loss of weight 
80°, 120°, and 130° C. The curves show that this hydrate contair 
of water of hydration. However, they observed a slight variation in thr" 
loss of weight and in the discoloration of the sample with change in tu 
temperature 
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‘atement is commonly found in the literature that 
oppel ould be weighed as Cu,O only when pure 
wars are involved. Before Munson and Walker 
expressed the results of their work in terms of 
ht of Cu,O, the senior author [17] made 
series of determinations on solutions of an un- 
Jentified reducing sugar in which series the copper 
vgs determined electrolytically and as Cu,O. He 
‘tained differences between the two sets’ that 
aried between —1.2 and +1.8 mg. A surprising 
hing about these differences is the fact that in 
. series of 29 copper determinations, the results 
rom the electrolytic set were higher than those 
veighed as Cu,O in 18 determinations, three sets 
iving identical weights. Munson states that a 
wrtion of the differences can be attributed to the 
vss of weight of the Gooch crucibles caused by 
he solvent action of Soxhlet’s reagent on the 
wsbestos. No details of the work are given and it 
nay be surmised that, during the electrolysis, the 
rent density may have been such that the 
leposit of copper was oxidized. Munson concluded 
rom this work, however, that copper could be 
ietermined as Cu,O when solutions of pure sugar 
vere used. 
Shortly after the publication of Munson and 
Valker’s work, Zerban and Naquin [18], using a 
olution of invert sugar and the Munson and 
Valker method, compared the copper values cal- 
ilated from the weights of CuO and CuO with 
he corresponding values determined by Low's 
olumetric iodide method. The results from the 
uO and volumetric sets were practically identical 
ut were 2 mg lower than those from Cu,O. This 
ference they attributed to incomplete drying of 
w Cu,O. They used the Monroe crucible [19] 
ind thus missed the visual evidence of the con- 


amination of the Cu,O by organic decomposition 
woduets, Which is readily observed in a porcelain 
rucible when the Cu.O is treated with nitric acid. 
When the reducing sugar values of the Munson 
inl Walker method were redetermined by the 
thor |20] and compared with the original ones, 
noted that differences existed between the 
ts of data that were greater than any that 
attributed to probable experimental error. 
iand MeDonald [21] made a comprehensive 
of these differences and showed that the 
of contamination of the Cu,O was almost 
qual to the differences between the copper 
f Munson and Walker and the newly deter- 
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mined ones. They also emphasized that the cop- 
per that is reduced should not be determined by 
weighing it as cuprous oxide. It seemed desirable 
to investigate the extent of the contamination of 
the cuprous oxide when lactose and mixtures of 
lactose and sucrose are evaluated. 

Determinations of various concentrations of 
lactose and its mixtures with sucrose were made by 
weighing the copper as Cu,O, then dissolving it in 
nitric acid and determining the copper electro- 
lytically. The data in table 1 are the differences 
between the value of the copper calculated from 
the weight of Cu,O and the value of the copper 
determined electrolytically. In all cases, the value 
of the electrolytic copper is the smaller and, as is 
to be expected, the differences increase with in- 
This effect is 
much less pronounced with lactose, however, than 
with its sucrose mixtures. 


creasing concentrations of sugar. 


TABLE 1. Contamination of cuprous oxide 


Lactose-H;O and sucrose 


Weight of 


lactose- HzO Lactose- H,;O0 


1 lactose 
12 sucrose 


1 lactose 
4 sucrose 


mg mg of Cu mg of Cu mg of Cu 
“) 0.2 


100 0.1 


IV. Analytical Procedure 


The basic conditions of the determination as 
given by Munson and Walker were followed. The 
Soxhlet reagent contained 34.639 g of CuSO,.5H,O 
in 500 ml and 173 g of potassium sodium tartrate 
(KNaC,H,O,.4H,O) and 50 g of sodium hydroxide 
in 500 ml. 
of Standards Standard Sample 17. 
tion and properties of the lactose used have been 
All solutions were measured 


The sucrose used was National Bureau 
The prepara- 


given in detail above. 
at 20°C. 

In the original method, the solution was heated 
over a gas flame, but in this work electrical beat- 
ing was substituted. The heater was of such a 
type that the solution in the beaker was practi- 
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cally surrounded by the heating element and the 
current was controlled by means of a constant- 
voltage regulator and a variable ratio transformer. 
The solution could be brought to boiling in the 
required time within +5 see. 

The determinations were made as follows: 50 ml 
of the solution containing lactose was transferred 
to a 400-ml beaker containing 50 ml of the mixed 
Soxhlet reagent. The solution was heated to the 
boiling point in 4 min and then allowed to boil 
2 min longer. The cuprous oxide was transferred 
immediately to a Gooch crucible and washed with 
water at 60° C. It was then dissolved by adding 
5 ml of 1:1 nitric acid, and the crucible was quickly 
covered. Before the addition of the acid a small 
quantity of water was added to the crucible to 
minimize the ebullition of nitric oxides. The 
copper nitrate and washing were received in a 
250-ml beaker to which 10 ml of the 1:1 nitric 
acid and about 5 g of ammonium sulfate had 
been added. Sufficient water was added to cover 
the cylindrical platinum-gauze electrodes, the total 
volume of electrolyte being about 180 ml. The 
electrolysis was conducted overnight at room 
temperature and at an approximate current den- 
sity of 0.10 amp/dm’®. Upon completion of the 
deposition, the electrolyte was replaced by dis- 
tilled water before the circuit was broken. The 
copper Was washed with alcohol, dried 15 min at 
100° C, cooled in a desiccator, and then weighed. 
All deposits were bright and showed no evidence 
of oxidation.* 

The copper values given in table 2 are the aver- 
age of four aliquots from one solution of a given 
concentration. Sugar concentrations above and 
below those employed in good analytical procedure 
were included in order to establish the direction 
of the curve for the whole range of concentrations 
and particularly in the region where the concentra- 
tion of copper in the reacting mixture becomes 
diminishingly small. 


V. Calculation of Results and Sugar 
Tables 


An examination of the experimental data shown 
in table 2 shows that a modified equation for the 
data 


rectangular hyperbola will fit the satis- 





‘In determining the copper values upon which to base the table, the 
electrolytic method of estimating copper was selected because of its extreme 
accuracy. In the routine analysis of products containing lactose, any of the 
conventional methods of determining copper may be used 
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TABLE 2. Experimental data 


Weight of Cu found 


Weight of 


lactose. HzO Lactose.H,O and suer 


taken Lactose. H,O 

1 lactose 1 lacto 

4 sucrose 12 sucro 
mg mg mg mg 
10 12.6 
2» 25. 8 26.5 28. 2 
0 52.5 52.9 57.0 
“oO 78. 2 79.9 85. 2 
sO 104.3 106.8 112.9 
100 129.6 133. 2 140.3 
1» 1m. 4 1m). 0 167.9 
1” 182.4 185.5 194.5 
160 27.8 211.9 220.9 
180 232. 7 237.7 247.4 
200 250. 5 23.6 274. 5 
20 285. 2 280.8 300.8 
240 we.9 115.8 328. 9 
ano 335.9 42.5 352.8 
280 361.0 ii. 7 377.7 
300 385. 2 1.5 403.5 
320 119.8 416.4 428.3 
340 435.4 439.3 439. 3 
360 439. 6 439.8 439.7 


factorily. The equation 


(a+ r)(b—y) =e+ d(y,—y)™ 


is formed by adding the term (d(y,—y)~! to 
equation for the rectangular hyperbola and 
developed by J. B. Saunders of this Bureay 
connection with previous work of the author [2 
In this equation, z equals milligrams of sugar a 
y equals milligrams of copper. As the concen| 
tion of sugar increases, the curve bends m 
and more away from the copper ordinate, » 
the added term allows the curve to approach |! 
limiting value of copper in the reagent, y,=44 
mg, asymptotically. The applicability of 
Munson and Walker method is questionabl: 
concentrations of sugar corresponding to val 
of copper greater than approximately 395 mg 
and it probably would be more desirable to limi 
the maximum sugar concentration of determina 
tions within a range of about 200 to 250 mg 
50 ml. 

From the average result of each series of di 
minations as shown in table 2, the constants 
eq 1 were calculated and adjusted by the metho 
of averages, and the values of the adjusted 
stants are given in table 3. 
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TABLE 3. Values of equation constants 
Lactose. H;O and sucrose 
mixtures 

istants Lactose. H;O | 
1 lactose 1 lactose | 

| 4 sucrose 12 sucrose 
16, 922.8 11, 123. 61 5, 504. 99 | 
22, 207.2 14, 979. 37 7,812.13 | 

375. 810. 000 166, 628, 790 43, 001, 550 
492, 005 246, 657 176,400 | 


Solving eq 1 for x it becomes 
c+dy, 

b—y 

7 r equals milligrams of sugar, y equals milli- 

vrams of copper and y; equals 440.9, the amount 

f copper in milligrams in 50 ml of the alkaline 

The number of signif- 


y) 
: -a 


(2) 


, 


7 


turtrate copper reagent 
cant figures retained in the parameters was found 
sufficient to eliminate any significant computa- 
tional errors in table 7. 

Table 4 shows the differences between the ex- 

rimental values and those computed from eq 2. 
For the whole range of experimental points in the 

termination of lactose and of its mixtures with 
the mean differences are fairly small. 
However, considering the practical working range 


eTrose 


of the method not to exceed 280 mg of sugar, the 
differences between the experimental and com- 
puted values become 0.2 mg each for the three 
sets of determinations. 

In table 5 are shown the differences in terms of 
milligrams of copper between the tables of Walker 
and those of Straughn and Given and the data 
in table 7. The comparisons are made for various 
increments of lactose, as column 1 
The data of Straughn and Given are from table 
78 of NBS Circular C440, which had been calcu- 
lated to copper from the original values reported 
They were then corrected 


shown in 


in weights of Cu,O. 
for the organic impurities in the Cu,O by means of 
a graph constructed from data in table 1. For 
lactose and its mixture with sucrose in the ratio 
of 1:4, the differences between the various sets 
are moderate, but the differences given in column 
5 are greater than could reasonably be attributed 
to differences caused by experimental errors. As 
shown in column 5, the difference for the concen- 
tration of 40 mg of lactose is about the same as the 
others, but as the sugar concentration increases 
the differences become correspondingly larger. 
Since there is no record of the work of Straughn 
and Given other than their table of copper and 


Taste 4. Differences between the experimental and computed values 
Sucrose and lactose .H,0 
Lactose .H;O ~ 
1 lactose; 4 sucrose 1 lactose; 12 sucrose 
Weight Weight Weight 
Weight | Weightcal-| “culated | weight | Weight cal | CHculated | Weight Weight cal- “culated 
take latex . . ~ ninus . : minus 
taken culated weight taken culated weight taken culated welahe 
taken taken taken 
mg mg mg mq mg mg mg mag mq 
yA) 19.8 —i).2 v1) 2.0 0 a» 19 o.5 
40 4.2 2 “) 399.7 0.3 wh 11.0 0 
CP) 50 —.1 mo wo.0 0 wo #2 0.2 
80 80.0 0 sO) ww. 2 0.2 80 sO. 3 3 
100 an —.45 100 100.1 1 100 100.2 2 
120 120.2 2 120 120.4 4 10 2 5 
140 140.3 3 140 139.8 2 140 140.1 1 
100 160.0 0 1m 160.0 0 if 150.8 2 
180 179.4 —.6 1s) 179.7 0.3 Iso 179.6 i 
an a0.3 3 a0 199.6 4 a0 aM. 1 1 
220 220). 4 4 220 219.8 2 2) 2). 1 1 
240 Zz9.7 —.3 2) 240.0 i) 240 20). 1 1 
| 
ho 2). 2 2 on) 0.7 0.7 vai i) WH. 1 1 
aM 280.0 0 Pont] 270.7 ; oN) 279.5 5 
300 299.2 8 ono 29.2 8 OO “9 l 
320 119.0 —1.0 v1) 319.0 1.0 tm 1.7 7 
340 442.6 26 40 43.0 0 $40 M424 4 | 
| 
Mean 0.5 05 0.4 
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sugar equivalents, any explanation of the cause 
of these differences must be speculative. However, 
if their lactose is considered to be anhydrous and 
their concentrations calculated to the hydrate, 
the differences between the copper values of the 
recalculated concentrations and those in table 7 
are much smaller and are given in column 6. 
They are on the order of the other differences 
shown in this table. It can only be surmised that, 
due to some inadvertence, the Straughn and Given 
copper equivalents for the mixture of lactose and su- 
crose in the ratio of 1:12 are those for the anhydrous 
form instead of those for lactose monohydrate. 


Taste 5. Differences between the various lactose tables 


Copper values 


Sucrose and lactose .H,0 


Lactose .H;0 
Weight 
lactose 
H,0 Walker Straughn- 


1 lactose 
12 sucrose 
| (Straughn- 
Given 
(corrected) 
minus 
Ham- 
mond) * 


1 lactose 1 lactose 
4 sucrose 12 sucrose 
anines Given (Straughn- (Straughn- 
Ham- minus Given Given 
mend Ham minus minus 
mond Ham Ham- 
mond mond 


* This column shows the differences between the values of Straughn and 
when it is assumed that their lactose is anhydrous 


Given and those of table 7 


and when calculated to hydrate 


Table 7 was calculated by means of eq 2. It 


shows the sugar values of lactose hydrate and two 
of its mixtures with sucrose for weights of copper 
from 10 to 435 mg in intervals of 1 mg. For 
lactose the slope of the curve changes so slow ly 
that, for the first 300 poimts, linear interpolations 
could be made between values calculated from eq 
2 at 50-point intervals. Between 300 and 375 
mg, the calculated intervals were 25 points apart, 
and from 375 mg each point was calculated. For 
the 1:4 ratio the first 200 points were linearly 
interpolated at calculated intervals of 50 mg; 
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from 200 to 375 mg of copper each tent point 
was calculated and thence each point. | or 4), 
1:12 mixture each tenth point between 1(\0 gy, 
375 mg was calculated, as well as each individyy) 
point after 375 mg. 


VI. General Discussion 


Since there is no stoichiometrical relation }p. 
tween the reacting compounds in a determinatio, 
of reducing sugar by the use of Soxhlet’s reagey 
it follows that all such determinations must }, 
empirical. In order to utilize these reactions gs 
a quantitative analytical method, it is necessary 
that all procedures and conditions be standard. 
ized and to observe rigidly all such conditions o 
the method when making a determination. The: 
in order to be able to interpret the results, jt 
required that certain data accompany the metho 
They are usually given in the form of a tabj 
such as table 7. In its present form this tab) 
has a limited use. Although the Straughn-Give 
table was published in 1912, no proposal was mad: 
to widen its use until 1930 when White /22 
published a graph constructed from the data }) 
this table. In 1932 Fitelson [23] also publishe 
a graph based on that of White’s to which } 
added an additional curve and extrapolated all 
the curves to include the 16:1 ratio of sucrose 
lactose, and since 1935 this chart has been included 
in the Methods of Analysis of the Association o! 
Official Agricultural Chemists. Following th 
present procedure, the author has already con- 
pleted some work of extending the ratios of sv- 
crose to lactose in convenient intervals from 2:1 t 
20:1, inclusive, so as to secure more extended data 
from which to construct a chart 
correcting determinations of lactose in mixtures 


or table fo: 


with sucrose for the presence of the sucrose. |! 
is expected that this work will be completed a 
published in the near future. 


TaBLE 6. Comparison with results of Hammond 


Milligrams of lactose taken 


{ 


| 100 1M a | OM 


Milligrams of copper found 


Hammond 2! 52. 5 129.6 
Brewster 2! 65.5 130.4 194.8 
Computed from 

table 7 y 52. ¢ 65.3 130.3 194.7 
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for calculating lactose hydrate and its TABLE 7 Table for calculating lactose hydrate and its 


miztures with sucrose mixtures with sucrose Continued 


-H;30 and sucrose 


per Lactose .H30 
1 lactose 


12 sucrose 
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Table for 





alculating lactose 


mixtures with sucrose- Continued 


Lactose 


‘opper Lactose .H:0 


1 lactose 1 lactose 


4 suCcTOSE 





mg mg mag mg 
1w 92.1 ow. 2 as.4 
121 92.8 ”»9o a6. 1 
122 9. 6 91.7 a6. 9 

“4 v2.4 87.6 
a4 95. 2 a. 2 aa 
125 95.9 a. 9 0.0 
1m ww. 7 94.7 eu A 
127 y i) 0.5 
128 oA? wm. 2 91.2 
129 0 17.0 92.0 
130 7.8 or 92.7 
131 100. 6 ~ 03.4 
132 101.3 2 41 
133 1. 1 moo “9 
14 102.9 wo. 7 O56 
135 13. 6 1.5 96.3 
136 m4 102.3 97.1 
137 105. 2 103.0 97.8 
138 16.0 103.8 ga. 5 
139 16. 7 14. 5 99.3 
140 107.5 105. 3 100. 0 
141 18. 3 106. 0 100.7 
142 1.0 106.8 wi.4 
143 19S w7.5 W2. 2 
144 110.6 1s. 3 02.9 
145 111.4 109.1 103. 6 
146 112.1 10o 8 4.4 
47 112.9 110.6 105. 1 
148 113.7 111.3 105.8 
149 M44 112.1 106. 6 
1%) 115.2 112.5 107.3 
151 116.0 113.6 108.0 
152 116.5 114.4 108.8 
153 117.5 115.1 109. 5 
14 118 115.9 110.2 
155 1 116. ¢ 111.0 
1M 119.9 17.4 1ik.7 
157 120). ¢ 118.2 112.4 
158 121.4 118.9 113.2 
150 122.2 119.7 113.9 
160 122.9 ‘ 114.6 
161 123.7 2 115.4 
162 m4 9 116. 1 
163 125.3 7 116.8 
14 126.0 123.5 117.6 
165 126.8 124.2 118.3 
166 127.6 125.0 119. 1 
167 128.4 125.7 119.8 
168 129.1 126. 5 1.5 
169 120.9 127.3 121.3 
170 130.7 128.0 122.0 
171 131 128.5 122.7 
172 132.2 129.5 123.5 
173 133.0 130.3 124.2 
74 133.5 131.1 124.9 


hydrate 


H,O and sucrose 


12 sucrose 


a nd 


ils 


TABLE 


Table for calculating lactose hyd 


mixtures with sucrose—Continued 





Copper Lactose .1,:0 
mg mg 
175 134.6 
176 135.3 
177 136. 1 
178 136.9 
179 137.7 
Ist) 138. 4 
Is! 139. 2 
182 140.0 
1S3 140.8 
IM4 141.5 
185 142.3 
Ist 143.1 
187 143.9 
ISS 144.6 
Isy 145.4 
190 146. 2 
191 147.0 
192 147.7 
193 148.5 
1v4 149.3 
105 1»). 1 
196 1h). 8 
197 151.6 
1us8 152.4 
lyy 153.2 
a) 153 
21 14.7 
ae 155. 5 
203 1.3 
24 157.0 
205 157.8 
265, 15s. ¢ 
7 150.4 
208 1m. 2 
nyo 10.9 
210 161.7 
211 162. 5 
212 163.3 
213 164.0 
2u4 14.5 
215 165. 6 
216 16. 4 
217 167. 1 
218 167.9 
219 168. 7 
2 169. 5 
221 170.3 
222 171.0 
223 171.8 
224 | 172.6 
225 173. 4 
226 174.2 
227 174.9 
228 175.7 
229 176.5 


Lactose 


HO and suer 


1 lactose 1 lactose 
4 sucrose 12 sucro 
mg mg 
131.8 12 
132.6 126.4 
133. 4 127.2 
14.1 127.9 
134.9 128. 6 
135. 6 120.4 
136.4 130. 1 
137.2 130.8 
137.9 131.6 
138.7 132 
130.4 133. 1 
140. 2 133.8 
141.0 is 
141.7 135 
142.5 136.0 
143.3 136.8 
144.0 137 
144.5 138.2 
145.5 139.0 
146.3 139.7 
147.1 140. 5 
147.8 141.2 
148.6 142.0 
149.3 142.7 
1.1 143.4 
10.9 144.2 
151.6 144.9 
12.4 145.7 
153.2 146.4 
153.9 147.1 
14.7 147.9 
155. 148. ¢ 
1H. 2 149.4 
157.0 1.1 
157.7 1m). 9 
158 151.¢ 
150.3 152.4 
19.0 13.1 
1moO.8 153.8 
161. ¢ 1M. 6 
162.3 155. 3 
163.1 1.1 
163.9 im. 8 
14. 6 157.6 
165. 4 158 
1, 2 159. 1 
mH. 9 150.8 
167.7 1). 6 
18. 5 16 
169. 2 192. 1 
170.0 162.5 
170.8 163. 6 
171.5 164. 3 
172.3 165. 1 
173.1 165.5 


Journal of Resear 











Detern 








Table for calcu ating actose h ydrate and its ‘J ABLE 7 Table for cale ulating lactose h ydrate and was 
mixtures with sucrose—Continued mixtures with sucrose—Continued 





Lactose .H;,0 and sucrose Lactose .H;O and sucrose 
Copper Lactose .11,0 Copper Lactose .H10 

1 lactose 1 lactose 1 lactose 1 lactose 

4 sucrose 12 sucrose 4 sucrose 12 sucrose 
n ng m mg mg mg mg mg 
4) 177 ® 166. 5 ~ x). 2 216. 1 208.0 
pat! 7 I if 167 » 21.0 216.9 SS 
22 178.8 168.0 27 271.8 2717.7 an. 
2 170. ¢ 176.1 168.8 ss 292 ¢ 218. 4 210 
244 Isp. 4 176.9 169 289 2z 219.2 211.1 
* 18] 177.¢ 170 xm) 224.1 220.0 211.8 
DAT | 181.9 17s. 4 171.0 21 224.9 220.8 212.6 
7 182. 7 79.2 171.8 202 225. 7 221. 5 213.4 
238 1X 180.0 172 203 226. 5 222 214.1 
29 184 80.7 17 24 227. 3 223. 1 214.9 
240 185. } Is 174.0 4. 25.0 223.9 215.6 
241 m5 8 182 174.8 2tm 228. 8 224. 6 216. 4 
242 186. € 183.0 17 297 229. 6 225. 4 217.2 
4 187.4 a3. 8 i7¢ 208 Zi. 4 226. 2 217.9 
244 188. 2 4 177.0 oo 2 2 0 218.7 
24 180. ( Is 177.8 LD 232.0 227.7 219 
o4 189.7 86.1 178 01 232.7 228 20). 2 
47 190 Se 179 We y 2 229 221.0 
O48 191 INT. ¢ 180.1 ( m4 0. 1 221.7 
249 1a2 aA 4 180.8 4 2 1 230.8 222 
2M) "vy r) Ro. 2 181. ¢ 105 2 Q z 6 223 
Daa | 108 ¢ 120 0 182 OM) 236. 7 232. 4 224. 0 
252 104. 4 7 183.1 7 237.4 z l 224.8 
2 195. 2 es 183.8 308 23n. 2 233.9 225, 6 
24 106.0 192. 2 184.6 we 29.0 2H. 7 226.5 
2 105.8 a0 1& TT 230.8 2 5 227.1 
2h 197 8 186. 1 1] 240. ¢ rte 227.9 
257 108 Mf 186.8 12 241.4 2 0 ron ¢ 
258 1991 5.3 187. ¢ ‘1 212. 2 237.8 229. 4 
50 100 0 196.1 18S i4 243.0 238. 6 20. 2 
20 x). 7 1%. 9 189. 1 243.7 230. 4 20.9 
"1 1.4 7 ¢ 189.8 sie 244 240. 1 231.7 
2 "2. 2 m4 190. f 17 245.3 240.9 232. 
” ") ” 191.4 Is 246.1 241.7 ys 2 
"4 “yt. 8 7.9 192.1 19 246.9 242 244.0 
” a4. f M0). 7 192.9 m) 247.7 243.2 234.8 
mal) x 193. 6 ZI 248 244.0 2 
"7 ny 22. 2 194.4 22 249. 2 44.8 re 
iS 32.9 iE. O 195. 1 Z 0 245. € 237. 1 
"9 207.7 203.8 195.9 24 200.8 246 237.8 
270 208 M4. € 196. 7 2 251. ¢ 247.1 238. ¢ 
971 200. 2 m 197.4 m5 252. 4 247.9 239. 4 
79 10.0 "MH. 1 198. 2 27 2 2 248. 7 240.1 
ma 210.8 me Oo 198.9 a8 2 4 249 240.9 
274 211.6 m7. f 199.7 29 254.7 250). 2 24 
7 212. 4 1S. 4 210.4 0) 2 251.0 42.4 
70 13.2 ~. 2 1.2 1 2h 251.8 243. 2 
277 214.0 10. ¢ 72.0 2 2. l 252. 6 14.0 
278 14.7 210.7 2.7 ; 257.9 2 244.8 
79 21 211 a 4 258. 7 254.1 24 
280) 21¢ 212.3 24.2 250. 4 24. 9 24 
Pt | "nT 1 213.0 5.0 ‘ 20. 2 55.7 47.1 
2R2 217.9 213.8 205. 7 837 1.0 oh. 5 67.8 
oa 218.7 214.6 ay 8 M1. 257.2 248, f 
2s4 219.4 215. 4 20 9 262. 6 25. ( 249. 4 


Determination of Lactose 219 














TABLE 


220 


‘ 


Table for 


mixtures 


hydrate 


calculating lactose 
with 


sucrose—C ontinued 


Lactose HyO and sucrose 


























opper Lactose H,O 
1 lactose a lactose 
4 sucrose 12 sucrose 
mg mg mg 
") 25. 4 258.8 
M41 4. 2 250. ¢ 
42 25.0 2.4 
44 25.8 21.1 
44 2H. 6 21 9 253 
345 267.4 22. 7 24.0 
$46 268. 1 283. 5 254.8 
M47 268.9 24.2 255. 6 
1s 269.7 5. 0 256. 4 
$49 70.5 25. 8 57.1 
i 271.3 aH. 6 257.9 
272.1 267.4 258. 7 
ts. 2 259. 4 
th 273.7 28. 9 2H. 2 
4 274.4 260. 7 261.0 
$5 2 5 261.8 
$e 276.0 3 262. 6 
th7 276.8 1 263.3 
358 277.6 272.8 24.1 
+50 278. 4 273. 6 24.9 
wi) 279. 2 274.4 265. 7 
1 280.0 5.2 206. 4 
2 280.8 0 267.2 
wi3 2a1.6 276. 8 268.0 
4 282.4 277.5 268.8 
$05 283.2 278.3 2n4. 6 
it) 254.0 270.3 
M7 254.8 271.1 
0s 285. 6 271.9 
iu 256. 3 272.7 
170 287.1 282.2 
71 287.9 283.0 274.2 
72 288.7 283.8 275.0 
173 289. 5 m4 75. 8 
74 2a 3 285.4 276. ¢ 
375 1.1 286. 2 ‘ 
176 291.9 286.9 2 
177 2¥2 287.7 os] 
178 203 aa! 279.7 
79 24.3 289. 3 2R0. 5 
ist) 205. ( 2). 1 281.3 
is] 205.58 200.9 282.1 
iS2 2H. ¢ 291.7 282.9 
ISS 207.4 292. 4 283. 6 
iM4 208.2 203.2 2M4.4 
ty’ 2 ( 24 tf 285. 2 
is 240 8 74S 286.0 
‘87 wOoo8 205. ¢ 2H Ss 
{aS wi4 206.4 287. ¢ 
su wi2 207.2 2a. 4 


and 


ils 


TABLE 


‘. 


‘opper 


Table for calculating lactose hydrat: 


mixtures 


mg 
390 
3¥1 
392 
393 
304 


395 


306 


398 
3uy 


400 
401 
402 
403 
404 


405 
406 
407 
408 
409 


410 
4ll 
412 
413 
4l4 


420) 
421 
422 
423 
424 


5 
42%) 
427 
425 


429 


430) 
431 
432 
433 
44 


with 


Lactose H;0 


mg 
303.0 
303.8 
304.6 
305 
306. 2 


- 


307.0 
307.8 
308. 6 
309. 4 
310.2 


315.0 
315.9 
316.7 
317.5 


318.3 


319.1 
319.9 
320.7 
$21.6 
322.4 


323. 2 
324.0 
324.9 
325. 7 


326. 5 


327.4 
328. 2 
$29.1 
$29.9 


330.8 


$32. 6 
$3, 


$44.4 


$36. 3 
$37.3 
S38. 3 
430.4 
40.7 


42.0 


sucrose- 


1 lactose 
4 sucrose 


Continued 


Lactose H3O and sucross 


& lactose 
12 sucrose 


mg mg 
208.0 289. 2 
298.8 200. 0 
209.5 200.7 
300.3 291 
301.1 292.3 
301.9 293. 1 
302.7 293. 9 
303. 5 204.7 
304.3 295. 5 
305.1 206.3 
w05.9 297. 1 
306. 7 297.9 
307.5 298. 7 
308. 3 299. 5 
wm. 1 300.3 
v9.9 O11 
s10.7 we 
$11.5 M2. 7 
312.3 $3. 5 
313.1 14.3 
313.9 305.1 
314.7 w5.9 
$15.5 306. 7 
316.3 307.6 
7.1 30S. 4 
417.9 309.2 
318.7 310.0 
410.5 310.8 
$20.3 311.7 
$21.2 312.5 
$22.0 313.4 
$22.8 314.2 
$23. 6 t15.0 
$24.5 $15.9 
325.3 316.8 
$26, 2 317.6 
$27.0 318.5 
327.9 419.4 
328.8 $20.4 
320.7 $21.3 
330. 6 $22. 3 
$31 $23. 3 
$32. 5 $24.4 
$34 $°25 
$34. 6 $26. 7 
8 $28.1 
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there Was a controversy over the composi- 
tion of the lactose prepared by Walker, and since 
‘he author has discovered the Straughn-Given 








table for the lactose-sucrose ratio of 1:12 to be in 
rror, it was felt that the results reported in this 
should not depend solely on the work of one 









ape! 
ndividual. So the author has determined the 
reducing value of the lactose used by McDonald 






ud Turcotte [16] in their work on the density 
and refractive index of lactose solutions and found 
it to be identical with that of his preparation. 
J. F 


sample of pure lactose and found its reducing 








Brewster of this Bureau also prepared a 









power to be the same as that of McDonald and 





lureotte and that of the author. In addition, 





he kindly checked several values in the experi- 





mental data given in table 2. His results are 





shown im table 6 and are self-explanatory. 
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Broad-and Narrow-Beam Attenuation of 500- to 1,400- 


Kilovolt X-Rays in Lead and Concrete’ 
By Harold O. Wyckoff, Robert J. Kennedy, and William R. Bradford 


Both narrow- and broad-beam attenuation curves have been obtained for 500-, 600-, 


800-, 1,000-, and 1,400-kilovolt X-rays in lead and concrete 


For the experimental condi. 


tions used, it is shown that an irradiated area 12 inches in diameter for lead absorbers and 


37 inches in diameter for concrete satisfy the barrier conditions required for broad-beam 


attenuation curves 
I. Introduction 


lhere have been numerous papers over the 
past 10 vears dealing with X-ray protection in 
range from 500 to 2,000 kv |1 to 6]. The 

ata from these papers differ somewhat, because 
the conditions of the experiments were not always 
sume and therefore cannot be readily corre- 
lated. Part of this has been attributed to 
differences in the high-voltage wave form and 
nherent filtration for the several experimental 
arrangements used. Preliminary data [1 to 6! 
indicated that the size of the irradiated 

urea of the barrier may also be an important 
ariable, but the magnitude and limits for this 
explored quantitatively. The 
present report will deal with different sized beams 
of X-rays produced by direct-current potentials 
[ 500, 600, 800, 1,000, and 1,400 kv with a trans- 
Barriers of lead and concrete 


have not been 


Mission target. 
will be considered. Concrete has been generally 
cepted in the energy range above about 500 kv 
where space is not important, because it is 
structurally self-supporting and relatively inex- 

usive. However, for applications requiring a 
uimimum of thickness for a given protection, lead 
s still the most popular 

In the voltage 


X-rays are principally absorbed by the photo- 


range under consideration, 


eetric and the Compton processes, since pair 
production is still relatively unimportant, even 
i lead for 1,490 kv. All of the photoelectric 


r will also appear in Radiology 
brackets indicate the literature references at the end of this 


X-Ray Attenuation 


absorption and that part of the energy transferred 
to the Compton electrons are considered to be 
truly absorbed, since the electrons so produced 
have small likelihood of producing another X-ray 
photon. The part of the energy given to the 
scattered photon leaves the site of the encounter 
in a different direction from that of the incident 
photon. The amount of this energy retained 
by the scattered photon decreases with increase 
of the angle between the scattered and incident 
photons. Thus, if the beam is of small 
section, the scattered photons leave the incident 
If, however, 


cToss 


bundle and will not be measured. 
the beam is of considerable width the photons 
scattered from the sides of the beam may enter 
a measuring volume situated near the center of 
the beam. The apparent attenuation of the 
beam, measured by the reduction in dosage rate 
may thus be greatly influenced 
radiation. 


in the barrier, 
by the inclusion of this 

One may think of the ionization produced in 
the ionization chamber placed on the far side of 


scattered 


a protective barrier as being due to two different 
sources of radiation. (a) Part of the radiation 
comes directly from the target of the X-ray tube. 
(The target is essentially a point source for all 
practical dimensions used in protective studies). 
(b) The remainder of the measured dosage may 
come from a distributed source composed of the 
entire irradiated volume of the protective barrier. 
Several factors serve to limit the volume, which 
acts as this secondary source. The length of the 
incident plus the scattered photon path in the 
barrier will be greater for oblique rays and, there- 
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fore, obliquely incident photons have a greater rate is observed. This condition is, of coy, 
probability of being absorbed. In addition, the — only unique for that particular barriersto-cham)e 
angle between these incident and scattered photons — distance. The above qualitative consiceratio 
must be larger and, therefore, the scattered photon indicate that the irradiated area required to fy\j) 








energy will be smaller. The latter factor, depend- —_ broad-beam conditions will be larger for lary 
ing upon the atomic number of the protective  barrier-to-chamber distances. The requisite gp, 
barrier, may also increase the probability of true may be reduced by shorter target-to-barrier ¢\. 
absorption. In the X-ray range here considered, tances and smaller chamber volumes. 
this factor is not important for concrete but serves Since some scattered radiation is measured by 
to limit the practical dimensions of the virtual the chamber under broad-beam conditions by; 
source when lead barriers are used. none is measured for narrow-beam condition 
Another factor producing differences between the effective absorption coefficient must be diff 
measurements made with and without scattering — ent for the two conditions. The effective absorp 
has recently been described [8]. It was shown tion coefficient is, however, proportional to t\y 
there that air ionization chambers are more sensi- slope of the attenuation curve.  Attenuatioy 
tive to photons of energies below 70 kv than — curves that include different amounts of scatters 
above. For increasing thickness of barrier, an radiation in their determination should therefor: 
equilibrium is soon established, so that as much have different slopes. 


of the low-energy radiation is absorbed as is 
created. As a result of this quality-dependent 


II. Experimental Arrangement 








chamber sensitivity, one obtains an increase of The high-voltage generator and tube have beey Comer 
dosage rate in protective barriers of low atomic previously described [7]. Figure 1 shows the ev. 
number, such as concrete, where this low-energy _ perimental arrangement for beam collimation and 
radiation is not strongly absorbed. The attenua- for dosage measurement. The filtration inheren r 
tion curves are thus convex upward for small in the X-ray tube was approximately 2.8 mm tung. 
barrier thicknesses. On the other hand, for bar-  sten, plus 2.8 mm copper, plus 2.1 mm brass, phil os... 
riers of high atomic number such as lead, this 18.7 mm water for the center of the beam. | 
effect is not observable, since the low-energy ra- target protective housing consisted of a doubb- 
diations are strongly absorbed in the barrier. walled steel tank filled with lead shot to a thick- 
As can be easily seen from the above discussion, ness of approximately 6 in., and a 6-in. thick so! 
different experimental conditions may influence lead diaphragm. Three diaphragms of differe 
considerably the attenuation curve obtained. Two apertures were used in the course of the exper: 
limiting conditions are thus defined for the work ments. They gave irradiated areas at the ba»- 
to be reported here. A narrow-beam attenuation ment floor level whose diameters were appro 
curve shall be understood to be one where only a mately 13, 26, and 37 in., respectively. These 
negligible amount of the scattered radiation from mensions were dictated on the lower end by t! 
the barrier is measured in the ionization chamber. —_ requirement of uniform irradiation of the cham) 
Practically, this condition amounts to having the —_ and on the upper end by a desire to minimize sea! 
irradiated area on the barrier subtend a small tering from the pit walls. 
angle at the chamber. This condition may be Figure 2 shows a view of the pit in which thghior™ 
verified experimentally by an inverse square radiation measurements were made. The ion 
check of the radiation received in the chamber. tion chamber was connected to an evacuated ey 
If the inverse square law is found to hold experi- inder housing an FP54 electrometer tube ané of th 
mentally, with fixed position of the target and selection of resistors and could be moved by remo Hy) 
barrier but with variations of the target-to-cham- — control both in azimuth and in elevation withw aay 
ber distance, then the contribution of scattered the pit. (The chamber actually used had abo | 
radiation from the barrier source is negligible. one-twenty-fifth the volume of the one shown ! o_——n 
Dosage readings-—with a fixed position of the fig. 2.) Remote switches controlled, and indi ome 
chamber, target, and barrier—are said to be for tors defined, the position of the chamber in the p\™ . 
broad-beam conditions if, on increasing the irra- the resistor used, and the grid resistor boltay sie 
diated area of the barrier, no increase in dosage The latter two figures, together with the volum 
X-Ray 
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€ s. 46s 
at - 
¥ : > ; rear Figure 2. Pit in which the measurements were made 
nd —-— . +e 
< 
: toe Ca "7 stant to 3 percent. A good share of this fluctua- 
. F | tion in output could be attributed to random focal 
a re spot motion. It was not considered excessive for 
| . the present purposes. 
F : For narrow-beam conditions, the absorbers were 
Z : placed directly below the shield diaphragm. The 
) chamber-to absorber distance could thus be varied 
u from approximately 10 to 16 ft. The irradiated 
“$2 Sahaaie———] area of the samples was not more than 3 in. in 
diameter. 

In testing for broad-beam conditions, the ab- 
sorbers were laid directly over the top of the pit 
with an overlap of approximately 1 ft all around 

— {FLOOR OF Pit the lip. The concrete samples were In one piece, 

either 8 ft by 8 ft by 6 in. or 8 ft by 8 ft by 3 in 

iia daaiiilimiinii Vie willis ais Lead samples were made up of 2 ft by 8 fi by }y in. 

beam and for desugs measurement. thick strips. Parallel strips covered the whole 
surface of the pit aperture in }sin. thick layers. An 

f the chamber and the temperature and pressure overlap of at least \ in. was provided at each 
the air, served to determine the dosage rate. joint. Lap joints were staggered in adjacent 
lhe chamber calibration determined from the layers, but none of the joints came closer than 9 in. 
f the grid resistor, the grid voltage, and the to a line through the chamber and target. This 

ass of air in the chamber agrees to within 5 per- _ lead, being quite flexible, required additional sup- 
it with that obtained experimentally with a port. The pit aperture was reduced by placing 
idard radium source. By controlling the volt- plyboard on the basement floor extending over the 
ve and the current of the X-ray tube to within pit. An unsupported area of lead 3 ft square was 
vercent, the X-ray dosage was found to be con- —_— obtained in the center of the aperture. (This ares 
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148 4s 





was found to be adequate for broad-beam condi- 
tions with Smaller dimensions were 
expected and obtained for lead.) 

The large concrete blocks were each weighed to 
an accuracy of 10 lb. Corrections were made for 
known air holes and reinforcing iron around the 
unexposed Thicknesses of each slab, 
measured at a number of distributed points, were 
\ in. from their 
mean value. This mean thickness, together with 
the length, the width, and the corrected weight 
served to determine the average density. The 
mean of five additional thickness measurements 
obtained in the vicinity of the X-ray irradiated 
area was then corrected to correspond to a specific 
gravity of 147 Ib/ft® (2.35 g/cc). The narrow- 
beam concrete blocks are those previously used 
(10.) The accuracy of the concrete dimension 
measurements is estimated to be within 2 percent. 


concrete. 


edges. 


found to deviate by no more thaa 


Approximately 300 measurements of thickness 
of the lead strips indicated maximum deviation 
from the mean of the order of +4 percent. 

All attenuation obtained 
7.5-in. chamber-to-barrier This 
tance was a practical lower limit for our equipment. 


curves were for a 


distance. dis- 
However, personnel are usually not located closer 
than 7.5 in. to the protective barrier in most 
medical X-ray installations. The target-to-cham- 
ber distance was thus 175% in. 


III. Results 


In order to properly evaluate this experiment, 
it was first necessary to investigate the extraneous 
scattering. Evidence of the lack of scattering 
without absorber may be obtained by observing 
the dosage rate at different distances from the 
target. The inverse square law may be used to 
reduce these dosage rates to a common distance. 
The variation of the values, so computed, is a 
measure of the amount of scattering present. 
Figure 7, A indicates the magnitude of the scatter- 
ing. It is seen that, with no absorber in place 
and for the two smaller diaphragms, dosage rates 
computed back to a fixed distance (1 m) by the 
inverse square law remain essentially constant for 
large variations of the target-to-chamber distance. 
With the largest diaphragm, the main beam 
actually begins to strike the side walls about half 
way down the pit. The resultant scattering 
from the walls may contribute to the dosage rate 
measured in the center of the beam. Since the 
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scattering is most important in the  forway, 
direction, some increase in the measured | idiation 
should be obtained for chamber positions belp, 
the mid-depth of the pit. The experimen 
evidence verifies this qualitative prediction. Fig. 
ure 7, A indicates that the contribution of seatio,. 
ing is about 5 percent of the main beam a , 
distance of 80 in. below the lip of the pit. 

Seattered radiation will, of course, be measure; 
with an absorber over the pit. The lack of ey. 
traneous scattering from the pit walls may } 
determined by measuring the radiation very neg 
to the wall. If the radiation measured near to {}y 
wall is a small part of that in the center of ¢\ 
beam, then any contribution received at the ceni 
of the beam from the wall may be negligi}) 
In figure 3 the pit walls correspond to angles 
approximately —5° and 95°. The experimen: 
results indicate that the dosage rate is rapi 
decreasing as the walls are approached. 1! 
amount of radiation scattered from the nean 
wall to the center of the beam is thus negligib) 
The dosage rate measured at the center of t) 
beam and 7.5 in. from the absorber therefore do 
not include an appreciable amount of scatter 
radiation. 

Figure 3 also indicates other interesting item 
The sloped central portion of the azimuth ew 
without absorber has been discussed previous 
in the literature [9]. It may be attributed 
change of the inherent filtration with ang 
The asymmetry results from having the tary 
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fe ~~ ot so ~- on 
AZIMUTH 
Figure 3. Variation of dosage rate across the X 


for an irradiated area approximately 37 in. in diamet 


Open circles were obtained with no barrier. Filled circles were obt . 
a 6-in.-thick concrete absorber in place. 
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this figure correspond to least inherent 
The figure that the 


of an absorber tends to sharpen the main 


also indicates 

to increase the dosage rate near the foot 
irves. The first factor may be attributed 
ition of the beam by larger thicknesses of 
at points different from the normal to 
The second factor may be attrib- 


t sorber. 
the radiation scattered out of the con- 

of the original beam. 

was found that each diaphragm gave a differ- 

apparent tube output. This 

rate with diaphragm size was attributed 

id of the focal spot 


increase in 


In order to show more 


clearly the effect of beam size on the attenuation 
curves, all dosage rates for a given diaphragm 
and kilovoltage have been reduced by the ratio of 
the apparent tube outputs—-with zero absorber 
for that disphragm and for the smallest dia- 
phragm. All four sets of curves for a given volt- 
age thus pass through the same zero absorber 
point. 

Figure 4 shows the experimental attenuation 
curves for lead. The lower curve at each poten- 
tial is for narrow-beam conditions. 
no important change in the data for irradiated 


There was 
areas greater than 13 in. in diameter. The actual 
deviation of the dosage rate for variation of the 
diaphragm was of the same order as the experi- 
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FIGURE 4, 


X-ray attenuation curves in lead. 


for the three diaphragms under broad-beam conditions were so nearly the same that they could not be separated on this scak w, Broad 


beams 


Attenuation 


diameter, 13 in 


; ®, narrow beam 





mental error. There is, however, an interesting 
change in the difference between narrow- and 
broad-beam absorption curves with potential pro- 
ducing the X-rays. In agreement with the quali- 
tative predictions this difference becomes more 
important for large photon energies, since the 
scattered photons are not so readily absorbed 
photoelectrically. 

Figures 5 and 6 show the attenuation curves 
for concrete. For each generator potential the 
lowest curve is for narrow-beam conditions, that 
is, when a negligible amount of the dosage is due 
to scattering from the absorber. The difference 
between successive curves with narrow-beam, 13, 
26, and 37 in., irradiated diameter indicates the 
magnitude of the scattering from the correspond- 
ing ring of barrier. It is evident that the scattered 
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THICKNESS OF CONCRETE IN INCHES 


Ficure 5. N-ra y attenuation curves in concrete. 


The density of the concrete is 147 Ib/ft rhe dotted line is drawn through 
two experimental points obtained from published work, of Singer, Brae- 
strup, and Wyckoff with a resonance-type generator. ©, Narrow beam; 
@, 13-in. beam; @, 26-in. bean 37-in. beam 
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ROENTGENS PER MILLIAMPERE MINUTE AT ONE METER 








2 6 20 
THICKNESS OF CONCRETE IN INCHES 
Figure 6. X-ray attenuation curves in concret: 


rhe density of the concrete is 147 Ib/ft®?. ©, Narrow beam; ©, |! 
@, 26-in. beam; O, 37-in. beam. 


photons from the successive outer rings contrib 
less and less to the dosage rate measured on | 
axis of the beam. Because of the small chang: 
dosage rate between the 26-in. and 37-in. be: 
and because of the rapidly decreasing contri 


tion of scattering with beam size, the 37-in. dian: 


eter beam in concrete has been assumed for : 
practical purposes to correspond to broad-bea 
conditions under the experimental arrangen 
described above. 

For comparison with data obtained from 
resonance X-ray generator, two experimen! 
points from Singer, Braestrup, and Wyckoil 
have been included on figure 6. These © 
obtained with a two-million-volt resonance t) 
unit operating at one million volts and giving 


irradiated area of approximately 41% ft by 3 
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vet-to-chamber distance was 
s and 9 ft. These data have been cor- 
s nearly as possible to the experimental 
ns used for our new data. The effect of 
ve form on the X-ray output and the 


fect of the shorter target-barrier distance on the 


approxi- 


amount of the scattering measured in protection 
tudies cannot be rigorously determined with our 
One may say, however, that 


knowledge. 
rget current flows appreciably only when 
the alternating voltage peak is above 800 kv. 
The effective potential should therefore be some- 
where between 800 and 1,000 kv. The slope of 
an attenuation curve is often taken as a measure 
of the effective potential of the X-rays. The 
points [1] give a line whose slope is midway 
tween that here reported for 800 and 1,000 kv. 
he results are thus in qualitative agreement. 
There is evidence, in the lead as well as the 
concrete curves, of a reduction in the slope of the 
attenuation curve with irradiated This 
F cffect is especially pronounced in the chaage from 
narrow beam to 13-in. diameter beam. There is 
also evidence in concrete, but not in lead, of the 
low energy scattered radiation. Both of these 
items tend to increase the barrier thickness re- 
quirements for broad beam over those for narrow 


area. 


beam. 

Figure 7 for data taken at 1,000 kv, shows the 
mportance of barrier-to-chamber distances. These 
curves were obtained by varying the elevation of 
the chamber in the pit. Figure 7, B is for a lead 
absorber placed over the pit. The three dia- 
phragms all give essentially the same dosage rate 
at a distance of 7.5 in. below the absorber. Broad- 
beam conditions were therefore obtained at this 
position for an irradiated area of 13-in. diameter. 
As the barrier-to-chamber distance is increased, 
different diaphragms do not give the same dosage. 
Broad-beam conditions, therefore, do not exist in 
this intermediate region for the diaphragms used. 
At very large distances, the dosage rates appear 
to become constant. This condition corresponds 
| to the requirements for narrow beam. As would 
be expected, the distance from the barrier for 
} harrow-beam conditions increases with the size of 
adiated area. After correction for scatter- 
dosage rate of the largest beam also agrees 
at of the other beams at a distance of 78 in. 


er, this constant dosage rate agrees with 


Attenuation 
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Variation of X-ray dosage with distance from 
the lip of the pit for 1,000 kv. 


FiGureE 7. 


A, With no absorber in the beam; B, with 12.9 mm of lead over the pit; C, 


with 5.8 in. of concrete over the pit. @, 13-in. beam; @, %-in. beam: © 


37-in. beam 


that obtained for the narrow-beam curves of fig- 
ure 4. For the concrete sample indicated (fig 
7, C) it appears that the two smaller diaphragms 
approach narrow-beam conditions for a chamber- 
to-barrier distance of the order of 55 to 78 in. 
The dosage rate is here constant (1.3) and in 


agreement with the narrow-beam curve of figure 


5, which also gives a value of 1.3 roentgens per 
milliampere minute at 1 m. 


IV. Conclusions 


Because of the small irradiated areas required 
for broad-beam conditions in lead, the broad- 
beam attenuation curves should be used for nearly 
all cases where lead barriers are considered in this 
voltage range. The extra thickness of lead re- 
quired for broad-beam conditions over that for 
narrow beam varies rapidly with X-ray tube 
potential, This extra thickness requirement va- 
ries from approximately 10 percent at 500 kv to 
25 percent at 1,400 kv 
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For concrete protective barriers, the difference 
between narrow- and broad-beam thickness re- 


quirements is of the order of 14 to 2 half-value 


layers, depending upon the portion and kilovoltage 
If the irradiated area 
of the barrier is not more than 3 ft in diameter, 


of the curves considered. 


and if all personnel are restricted to distances 
larger than 10 ft from the barrier, then narrow- 
beam attenuation curves may be used in designing 
X-ray protection. 
ally feasible, however, because of space limitations. 


Such restrictions are not usu- 


In addition, the cost of requiring the extra space 
may be larger than the saving in barrier cost. 

For the majority of X-ray installation designs, 
therefore, the 
should be used. 


broad-beam attenuation curves 
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A Method for the Electron Microscopy of Wool 


By Max Swerdlow and Gloria S. Seeman 


A simplified method for making shadowed thermoplastic negative replicas of fibrous 


materials was dev eloped. 


Through this technique, fine details of the morphology of the 


wool fiber, before and after treatment, were clearly revealed by the electron microscope. 


The structural implications of the electron micrographs are discussed with respect to the 


subject of wear and in reference to the observations of other investigators. 


I. Introduction 


l. The Problem 


lhe electron microscope has been a useful tool 
or observing objects which are thin enough or 
vhich are sufficiently small and adequately dis- 
ersed to allow the proper scattering and transmis- 
sion of electrons in the conventional 50-kv micro- 
scope” The and magnifying 
owers of the electron microscope have thus been 


high resolving 
ised with considerable success in the study of 
gments, smokes, viruses, bacteria, and a variety 
On the other hand, 
vhen efforts are made to study organic fibers such 


of other colloidal particles. 


is wool, ordinary techniques of direct specimen 
reparation fail. In the first place, the fiber is 


oo thick to transmit a sufficient intensity of 
lectrons to excite the phosphor-coated screen 
to form an image on the 
At best only a profile 


ew can be obtained when a section of the fiber 


to luminescence or 
hotographie emulsion. 


s inserted in the specimen holder. Second, and 


less troublesome, is the fact that in scattering 
most of the electron beam there is an exchange of 
uergy. The subsequent generation of heat and 

ctrostatic charges causes a charring and disinte- 
gration of the fiber itself. 
of operating the electron microscope at a pressure 


Third, the necessity 


i less than 10-4 mm of mercury results in dessica- 
The literature of the past 
ars is replete with descriptions of limitations 


tion of the specimen. 


r will also appear the September issue of the Textile Research 


A Type EMU electron micro pe was used for this work 


Electron Microscopy of Wool 


that make observation and interpretation difficult 
for the electron microscopist. 


2. Evaluation of Existing Techniques 


Partial solutions to the problem have been 
found by those concerned with the study of wool 
fibers. Fragments of triturated fibers of reduced 
and methylated wool are not adversely affected by 
the intense beam of electrons and are, in part, 
transparent to it. Such techniques, however, are 
very limited. Not only to they preclude getting 
detailed information about the surface structure 
of the fiber, but they eliminate the possibility of 
observing the same fiber before and after treat- 
ment because of the mechanical disorganization 
and chemical alteration that these techniques pro- 
duce |1 to 6]. 

The limitations of direct 
observation by electron-optical means have led to 


methods of surface 


the development of ingenious and diverse tech- 
niques for preparing thin film replicas of the sur- 
faces of electron-optically 
The improvements and variations of the basic 


opaque” objects [7, 8}. 


replica methods reported by a number of resource- 
ful workers have been successfully applied to the 
study of many bulk materials [9, 10, 11]. None of 
these techniques, however, is easily applicable to 
the study of degraded wool fibers, since the use of 
excessive heat or crushing pressure in molding the 
replica introduces undesirable changes. Inter- 
pretation of results is often complicated by arti- 
facts. Moreover, most replica methods involve 


Figures in brackets indicate the literature references at the end of tl 


paper 
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destruction of the specimen. This, too, eliminates 
the possibility of performing additional treatments 
on the same fiber. 

In order, therefore, to augment the data on the 
structure of the wool fiber and to correlate these 
observations with results previously obtained by 
the direct disintegration of the fiber as well as by 
other methods, a simple, rapid, faithful replica 
This system of speci- 
men preparation successfully combines methods 


technique was developed. 


useful for both optical and electron microscopy 
[12]. A negative replica of the wool fiber is made 
in a thermoplastic film which is thin enough to 
examine directly in the electron microscope and 
which may be shadow-cast, with a suitable metal 
for added contrast. 


II. Replica Method 


1. Materials and Apparatus 


Replicas can be made with two thermoplastic 
One, ethyl cellulose,‘ is dissolved in 
ethyl acetate. Addition of about 10 percent of 
ethyl alcohol aids solution. The other thremo- 
plastic, which yields a slightly stronger film and 
one that withstands electron bombardment better, 
is polystyrene.’ Styron granules ‘‘dissolve”’ in ben- 
Warming the solvent slightly hastens the 
Solutions of 1 to 2 percent (by weight) 
seem to be satisfactory for each resin. The princi- 
pal criterion is the ability of the plastic films to 


materials, 


zene. 
reaction. 


transmit a sufficiently intense beam in the electron 
The films formed by evaporation of 
the solution after it is poured on to standard glass 


microscope. 


microscope slides are thicker than the substrate 
films usually employed for electron microscopy. 
About three-fourths of the slide is coated with the 
thermoplastic resin. The excess is drained off onto 
a towel by placing the glass slide in an almost 
vertical position. After 5 minutes of drying, a 
slightly wedge-shaped film, averaging about 0.4 
micron in thickness, is formed. 

The fibers to be studied should be rinsed in ethyl 
alcohol and/or ether to remove surface grease and 
dirt. After being dried at room tempreature, 
these fibers are then singly placed upon the thermo- 
plastic lacquer that is on the glass slide. Another 


* Sold commercially as Faxfilm, Ethocel, Ethofoil, ete 

*' Styron made by Dow Chemical Co 

* The wool used for this work had been commercially degreased 
washing was, therefore, unnecessary 
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Prolonged 


glass microscope slide is then placed on toy of the 
fibers, sandwiching them with the plastic film 
This sandwich can be firmly held together w ith the 
aid of a C-clamp and a couple of strips of car: board 
and heat-resistant rubber cut to fit the glass slides 
Reasonable care must be exercised not to tw ist the 
assembly out of alinement. The rubber and card. 
board pads take up most of the torque and contac: 
pressure produced when the clamp screw js 
tightened, by hand, to the point where the sand- 
wich will be firmly fixed without breaking the glass. 
and without displacing the arrangement. Thy 
clamped glass sandwich of film and fibers is then 
heated in a laboratory resistance-type oven fo; 
about 20 minutes at 90° C. The film is thus 
softened to the point where it will flow and accep 
the wool fiber and form a faithful replica of the 
surfaces in contact with it. 

The variable factors that affect the quality and 
resolution of the plastic replica are time, tempera- 
ture, pressure, thickness of the film, and diamete: 
of the fiber. If the thermoplastic is allowed t 
remain in the oven for too long or at too high « 
temperature, too much plastic flow and deforma 
tion will result. If too much pressure is applied 
the displaced material will pile up on each side o! 
the fiber and will disturb the quality and appear- 
ance of the replica (figs. 8 and 9). If the film is 
too thin for the diameter of the fiber, the fiber 
will be pushed through it to the glass and will 
prevent the plastic from molding itself about th 
fiber surface. To achieve the proper balance o! 
all these elements is not a difficult problem, inas- 
much as the limits of control are not critical 
One or two trials ordinarily provide sufficient ex- 
perience so that numerous acceptable replicas ca! 
be made in a comparatively short time. Afte: 
the clamped sandwich is removed from the ove! 
and allowed to cool to room temperature, it ca! 
be separated. Usually the wool fibers come awa) 
with the uncoated glass slide, leaving semicy|i0- 
drical impressions in the plastic. If not, it is : 
simple matter to remove them whole with the av 
of a fine brush or tweezers. These fibers having 
once been accurately molded can be saved fo 
further chemical or physical treatment and 
subsequent replication. 


2. Metallic Shadow-Casting 


Metallic shadow-casting adds contrast as we! 


as a three-dimensional aspect to the surface de- 
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he replica [13, 14]. A very thin coating 
f evaporated chromium is deposited obliquely 
pon the plastic surface. The elevations and de- 
s of the surface replica cast characteristic 
chielded radiation shadows. Where no metal is 
ndensed, transmission of the incident energy is 
,maximum. Where thick elevations and ridges 
occur coupled with a layer of metal, electron 
seattering is a maximum and little or no energy 


iis ‘ 


nressio 


< transmitted. 

The glass slide bearing the plastic film contain- 
ny the replicas of the fibers is placed horizontally 
with the film side up in a vacuum chamber 
where it ean be shadowed.’ To prevent any 
ippreciable heating, the thermoplastic replicas 
we placed a distance of 25 em away from a coni- 
cal basket made of 30-mil tungsten wire. The 
basket may be formed by winding the tungsten 
around the pointed end of a No. 10 wood screw. 
Heating the wire and screw helps to prevent brittle 
fracture during the winding process. If instead 
f the 30-mil wire a twisted double strand of 16- 
 20-mil tungsten wire is used, no heat is required 
and it is easier to follow the troughs in the screw 
thread. The additional surface area provided 
by the stranded wire is advantageous. A 6-inch 
ength of wire is sufficient for a basket about a 
centimeter high with leads of adequate length. 
lhe tungsten basket is set in the vacuum chamber 
so that the apex of the cone points downward 
and is 5 em above the plane of the replica. A 
charge of 100 to 150 mg of pure chromium * 
metal fragments is placed in the basket. All of the 
metal is evaporated slowly with a current of 25 
to 35 amperes at 10 to 15 volts in about 10 min- 
ites at a pressure of 10-5 mm of mercury. A 
l\)-mmute outgassing period with 10 to 20 am- 
peres running through the tungsten wire is a 
desirable practice. 

The uniformity of deposition of the metal as 
t condenses on the specimen is a function of the 
ean free path and the accommodation coefficient. 
The latter depends upon the initial temperature, 
the emission temperature, and the striking tem- 
perature of the molecules or atoms of the metal. 
(riven a large accommodation coefficient and a 
vacuum where the mean free path is about a 
tieter in length, the molecules will traverse the 
distance from filament to specimen without col- 


\ EMV unit was used for this work. 
tically deposited Chromium about 1/16 in. thick was used 
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lision and impinge upon the comparatively cold 
surface of the specimen with very high energy. 
If these conditions are not met, the molecules of 
metal will not stick where they land but will 
migrate, find other molecules, and form agglom- 
This produces 
a grainy, irregular deposition. At high mag- 
nification the poorly defined shadowed 
and the graininess of the surface provide undesir- 
able effects. 


erations of recrystallized metal. 


areas 


3. Selection and Examination 


The chromium-shadowed thermoplastic nega- 
tive replica, still on the glass slide, is viewed in 
an ordinary light microscope. Photomicrographs 
may now be taken, in the manner of Hardy and 
Plitt [12]. The replica may also be projected in 
a photoenlarger, in the manner of Scott and 
Wyckoff [15]. Or, desired areas may be selected 
and mounted for more detailed observation in the 
electron latter case, the 
woven, calendered, \-inch stainless steel, No. 200 
U.S. Standard Sieve specimen screens are centered 
over the chosen areas of the replica, with the aid 
The screens 


microscope. In the 


of a low-power light microscope. 
usually adhere to the chromium coating, especially 
if contact is made with the convex side. No. 
100- or 150-mesh screens would offer larger areas 
for observation. The glass slide bearing the 
replica film and the specimen screens is slowly 
immersed at almost grazing incidence into a 
9-inch crystallizing dish of fresh tap water. The 
thermoplastic film can be readily floated off the 
glass slide with little or no teasing, especially if 
the edges of the glass slide where the plastic may 
have overrun are rubbed with the side of a dissect- 
ing needle or similar tool and no water is allowed 
to creep up over the film. The freely floating 
film supporting the specimen screens is removed 
from the water by flipping it over and out with a 


piece of paper about the size of a glass slide. 
The screens are thereby lodged between the 


Any short-fibered paper may 
The short fibers pre- 


film and the paper. 
be used for this purpose. 
vent wrinkling and warping upon drying. Un- 
printed newspaper, porous filter paper, melamine 
resin-bonded map paper, blotting paper, or the 
strips used to separate the glass in a box of 
microscope slides may be used with about equal 
success. By using paper instead of glass to retrieve 
the floating film, the specimen screens supporting 
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the selected areas of the replica can be readily 
removed after drying. To facilitate this, however, 
it is advisable to prick the film about the periph- 
ery of the screen with a needle point while the 
film and paper are still damp. A faster and easier 
technique which, however, involves some risk, 
is accomplished by spreading a small amount of 
a suitable solvent on glass and placing the dried 
paper in contact wit) it. The solvent soaks 
through the paper and to the plastic film. When 
the solvent evaporates, the paper is dried flat to 
the glass, the plastic is cemented to the paper, and 
the untouched areas of the replica supported by 
the specimen screens can be picked up with tweez- 
ers as easily as from a much thinner film. Ob 
viously, if too much solvent is used the entire 
replica may be ruined. If a reasonable amount of 
caution is observed, however, this catastrophe will 
not occur. This technique provides a much 
more advantageous procedure for removing the 
specimen than any method of cutting or tearing 
the comparatively thick film from a hard glass 
slide or a coarse wire gauze. 

Various workers in the field have suggested that 
a possible improvement in the technique for 
selecting and mounting the replica film on a speci- 
men sereen could be made by placing the film, 
replica side up, over a piece of 200-mesh wire cloth. 
After seanning the film for suitable areas with a 
light microscope, an auxiliary mount in the revolv- 
ing nosepiece fitted with a cutting die could be 
turned into place and the tube racked down. In 
this manner, the desired area of film may be 
punched out with a supporting screen attached. 
The adaptation of a microscope-punch combina- 
tion seems worthwhile not only for this work but 
in many other aspects of electron microscopy 
where systematic scanning is required for selecting 
areas of a prepared specimen. 


Ill. Application and Interpretation 


The shadowed replica method was applied to the 
study of wool fibers as reflected by the character- 
istic changes after varying amounts of abrasion 
produced by an apparatus designed-by Schiefer 
[16]. During the abrasion cycle fiber fragments fall 
from the abradant. This ‘“‘debris’’, as well as the 
fibers bordering the hole worn through the woolen 
fabric, were examined. Hundreds of replicas were 
made of fibers abraded in this way. For compari- 
son, replicas were made of untreated fibers, khaki- 
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dyed fibers, as well as fibers subjected to chemic, 
attack. The shadowed replicas were exariined jy 
the electron microscope at low magnificat ons 9) 
tained without the projector polepiece, as well , 
at the higher ranges of magnification. Electry 
micrographs were made with a 1-mil objectiy 
aperture and with 5- to 10-second exposure. ('y, 
tact photographic reversals were made on anotly 
medium lantern slide plate for further optical ey 
largement. Negative prints are shown in th 
figures. For proper interpretation of the surfed 
features of the negative replicas, they may | 
viewed as though they were obliquely illuminated 
The “diameter” indicated in the micrograph 
represents 80 to 90 percent of the actual diamete 
of the wool fiber. 

A wool fiber when plucked from the living an 
mal consists of two distinet regions. The root 
the living part and grows from the hair follic) 
The nonliving portion that emerges from the root 
is called the shaft, which is the section shorn fron 
the sheep and is here designated the wool fil 
{17}. It generally consists of three principal co 
centric layers—a thin outer covering of seal 
(cuticle), a middle region (cortex), and a central 
core or pith (medulla). The relative thickness of 
each layer varies from fiber to fiber, as well as 
from sheep to sheep. In the very fine wool fiber 
the medulla is often absent, and a few compar- 
tively large scales encircle the cortex. Thy 
spindle-shaped cortical cells comprise the mau 
bulk of the fiber. It is well known that the ability 
of wool fibers to felt, tangle, and curl is dependent 
upon the direction and shape of the imbricated 
scale structure and that this cuticle serves to pr- 
tect the fiber from chemical and mechanical degra 
dation (figs. 1 and 8). It has been recently sus 
gested by Mercer et al. [2, 3, 4], that these thre 
dominant cellular structures are encased in + 
amorphous material that functions as a matm 
and as an intercellular cement and that the cuty 
layer may be covered by this same featureles 
keratinous material (figs. 1 to 6). These inves! 
gators and others have shown this amorphow 
plastic outer covering of the scales to be readi! 
digested in an enzyme as is the featureless inte 
cellular cement that exists between the scale 
the cortex, as well as between and within thie co” 
tical cells themselves. The similar reaction 
enzymic treatment suggests similar composit! 


Microscopy alone cannot disclose whether the 
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Mieg continuous matrix of a single substance 


xists 
ed affpat envelopes the differentiated cell structures or 
S off hether the keratinous material is made up of dif- 
| a@rent protein molecules with varying properties. 


ctro™l The present study confirms, at least partially, 
Ctiv@iye “matrix theory” of the morphology of the wool 
Couf@)or, Electron micrographs of the surface replicas 
they mechanically abraded and unabraded wool 
| en ers (shown in figs. 1, 2, and 3) reveal that the 


ale is heterogeneous in structure and consists, at 


tlediast, of a double layer. The outer layer is a 
¥ b@&mooth covering for the under structure and shows 
Lledo specific surface features (fig. 1). When this 
aph@sequer-like coating is removed by mechanical 
leg }rasion, a rigid striated structure is exposed 

ig. 2). These regular corrugations (ridges and 
’lfurrows) run more or less parallel to the longitu- 
Ol inal axis of the fiber. They are a feature of the 


icleMale itself aad are not dependent 
roof flection of, the size and formation of the cortical 


upon, or a 


rom@ells. This is borne out by the fact that the ribbed 
iructure is seen in the overhanging portions of the 


With 


treater degrees of abrasion, the scales are polished 


‘Ol eales under which there is no cortex (fig. 3). 


(ni way leaving a smooth filamentary structure with 
SOi¢ht vestiges of the former imbricated surface 
4 Still more rubbing removes the next 
mmorphous layer under the scales and reveals the 
‘-HPortical cells themselves imbedded in the cemen- 
Thef@um (fiz. 5). After such severe abrasion, the wool 
o longer manifests its characteristic filamentary 

iy ftructure and, as such, is destroyed (fig. 6). 
Thus far the present investigation indicates that 


© Weaving process introduces very little change 
Bn the Some 

ortions show degradation of the scale, but this is 
means typical. When compared with 
mwoven, undyed fibers, less than 10 percent of 


surface structure of the fibers. 


\ ho 


le fibers studied showed any modification (fig. 7). 
These alterations are very likely associated with 
the previous history of the fiber. It is not neces- 
ily a result of the weaving process. In the case 
khaki-dyed woolens, similar evidence was noted 
lg. 9). In a few samples where the fibers were 
Washed in alcohol, some crystalline material 

s found inbedded in the replica. This may have 


me of the dyestuff that had lodged on the 
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outer scale surface. In the case of fibers that had 
been chlorinated in a 1-percent aqueous solution of 
calcium hypochlorite long enough to wet its entire 
length and rinsed in a large quantity of cold 
water (figs. 10, 11, and 12), the sacs and blisters 
formed (probably the Allwérden reaction) indi- 
cated a violent attack on the amorphous lacquer- 
like layer of the scales. The general erosion that 
took place exposed the characteristic striated 
substructure of the scale that withstood the action 
of chlorine. The exposed scale edges showed the 
greatest amount of attack (fig. 12). The treat- 
ment given the fibers was, of course, much more 
drastic than that used in some commercial proc- 
esses for shrink-proofing woolens. 
With the foregoing method, the 
changes in textile fabrics resulting from various 
physical and chemical factors can be studied. 
Alterations in the physical structure brought 
about by such means as abrasion, flexion, tension, 
acid, alkali, chlorine, heat, sunlight, and other 
elements of degradation make wear a complex 
phenomenon with a large variety of contributing 
Before correlation of anv 
microscopic observations of laboratory wear versus 


structural 


factors. statistical 
actual wear may be obtained, a large number of 
tests interpreted against a broad background of 
performance in service is necessary. The ‘‘polish- 
ing’ produced with Schiefer’s uniform abrasion 
machine offers a systematic approach to a micro- 
scopic study of a worn fabric. The character- 
istics of fiber structure may in turn be correlated 
with the morphological modifications resulting 
from actual wear in service. Although the funda- 
mental problem of the molecular structure of 
organic fibers cannot be solved by electron micros 
copy alone, considerable information may be 
determined that is of interest to the textile tech- 
nologist and to those concerned with the subject 


of wear resistance. 


The authors acknowledge the very valuable 
assistance of Esther Golovato, in processing the 
many photographs, and of H. F. MeMurdie and 
W. D. Appel, without whose able direction much 


of this work could not have been done. 
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